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ABSTRACT 

Background 

There are many complications of diabetes. Oxidative stress has been reported as a major underlying 

mediator. Medicinal plants, including fruits and vegetables are known to contain dietary antioxidant 

phytoconstituents, which influences their pharmacological potentials, including mitigating the 

progression of degenerative diseases, such as diabetes and associated complications. Fruits like avocado 

(Persea americana Mill) and litchi (Litchi chinensis Sonn.) are widely cultivated for their commercial 

value, nutritional value and health benefits. The antioxidant and glycaemic control potentials of these 

fruits have been documented, which has been linked to some bioactive phenolic and flavonoid 

compounds. Despite being medicinally underutilized, the wastes, including the peel from these fruits 

have also been shown to contain these bioactive phenolic and flavonoid compounds, which are key in 

potentiating the documented oxidative stress and diabetes related pharmacological potentials of the peel 

from these fruits. However, antioxidant and glycaemic control assay-guided assay studies to better 

understand the antioxidant and glycaemic control phytochemistry of the peel from these fruits are 

scarce, which discourages their effective therapeutic applications. Therefore, this study was undertaken 

to investigate the antidiabetic and antioxidative phytochemistry of the peel of avocado and litchi fruit 

using a bioassay-guided approach 

Methodology 

Litchi (McLean’s Red cultivar) and avocado (Var. Fuerte) fruits were purchased from a local fruit and 

vegetable store in Bloemfontein, South Africa. The peel of the fruits was dried, pulverized, defatted 

using hexane and sequentially extracted with dichloromethane, ethyl acetate, methanol, and water, in 

order of increasing polarity. In vitro, phytochemical models, namely antioxidant (Fe3+ reducing, radical 

scavenging, and anti-linoleic acid peroxidative) and glycaemic control (α-glucosidase and α-amylase 

inhibitory and glucose uptake modulatory), were employed for the bioassay-guided isolation, while the 

potent fractions or isolated compound(s) was characterized using mass spectrometry and mass 

spectrometry and assessed for dose-dependent inhibition of α-glucosidase and lipopolysaccharide 

(LPS)-induced cellular ROS production, as well as modulation of cellular glucose uptake. The radical 

scavenging mechanism of principal compound(s) was investigated using Density Functional Theory 

(DFT). Also, the ameliorative potential and possible underlying mechanisms of litchi peel ethyl acetate 

extract on type 2 diabetes related pathologies in a fructose/streptozotocin (STZ) model of diabetic rats 

was investigated. 
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Results and discussion 

The methanol extract of avocado peel had the highest phenol content and radical scavenging activity. 

Fractionation of this extract yield 9 fractions (fractions 2 to 10). Fraction 8 (eluted with 

hexane:chloroform:methanol volume ratio of 3:6.5:0.5, respectively) had high phenolic content, 

demonstrated the most potent radical scavenging and showed the predominant presence of Chlorogenic 

acid (103.5 mg/mL) and 1-O-caffeoylquinic acid (102.3 mg/mL). Fraction 8 and chlorogenic acid dose-

dependently inhibited in vitro (IC50 = 5.73 and 6.17 µg/mL) and cellular (IC50 = 15.9 and 9.34 µg/mL) 

FeSO4-induced lipid peroxidation, as well as LPS-induced ROS (IC50 = 39.6 and 28.2 µg/mL) and NO 

(IC50 = 63.5 and 107 µg/mL) production, while modulating antioxidant enzyme activity. DFT analysis 

suggest that an electron transfer, followed by proton transfer at carbons 3′OH and 4′OH positions may 

be the radical scavenging mechanism of chlorogenic acid. For litchi peel extracts, the ethyl acetate 

extract had the highest flavonoid contents, which perhaps influenced its potent anti-lipid peroxidative 

(65.0%) and α-glucosidase inhibitory (52.4%) effects. LC-MS showed the predominant presence of 

bioactive flavonoids, including epicatechin, procyanidin B5 and proanthocyanidin A2. Using a 

bioassay-guided approach, epicatechin was isolated from a potent fraction (DCM:MeOH:water; 

7:3:0.281 v/v/v solvent system) of the ethyl acetate extract, since the fraction (fraction 5) and its sub-

fraction (sub-fraction 4) had appreciable flavonoid contents, radical scavenging, anti-lipid peroxidative, 

α-glucosidase inhibitory and glucose uptake modulatory effects. Moreover, the isolated epicatechin 

inhibited α-glucosidase (IC50 = 35.3 µM), modulated cellular glucose uptake (EC50 = 78.5 µM) and 

inhibited LPS-induced ROS production in RAW 264.7 macrophages in a dose-dependent fashion [IC50 

= 18.9 µM; statistically comparable (p ˃ 0.05) to ascorbic acid, IC50 = 9.57 µM]. In a fructose/STZ 

model of diabetic rats, the ethyl acetate extract exerted antioxidant and glycaemic control effects by 

improving pancreatic histology and antioxidant status, improving insulin secretion, promoting glycogen 

storage and modulating cellular glucose uptake and utilization. 

 

Conclusion 

Considering this study is bioassay-guided, it is logical to conclude that chlorogenic acid strongly 

influences the antioxidant capacity of avocado fruit peel, while flavonoids including catechins, 

proanthocyanidins and procyanidins are some of the predominant constituents influencing the 

glycaemic control and antioxidant properties of litchi peel. 

Keywords: Avocado fruit; Diabetes; Fruit peel; Lichi fruit; Oxidative stress; Medicinal phytochemistry. 
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CHAPTER 1 

INTRODUCTION 

Diabetes is an evolving disease. It is a multifaceted, intricate metabolic disorder characterised by 

aberrant protein, fat, and carbohydrate metabolism, which leads to high blood glucose, dyslipidaemia, 

defects in the action and functions of key metabolic enzymes, and oxidative stress-mediated cellular 

and tissue damage (Oguntibeju et al., 2019). The condition arises from the body's inability to produce 

enough insulin (a hormone that helps move blood sugar into cells where it is metabolised and turned 

into energy) or to react to insulin as it should (CDC, 2020). According to the 10th Edition of the IDF 

Diabetes Atlas, 6.7 million deaths worldwide are related to diabetes in 2021 (IDF, 2021).  

The three main forms of diabetes are type 1 diabetes, type 2 diabetes (T2D), and gestational diabetes, 

according to the Centres for Disease Control (CDC). The main feature of type 1 diabetes is a complete 

lack of insulin as a result of the death of pancreatic β-cells, which can be caused by viral invasion, 

chemical toxicity, or the action of autoimmune antibodies (Rodrigues et al., 2023). The aetiology of 

T2D is largely influenced by genetic and environmental variables. The disease occurs due to reduced 

or impaired insulin responsiveness in target tissues. Peripheral tissue insulin resistance leads to 

decreased circulatory glucose absorption and metabolism, which gradually deteriorates pancreatic beta 

cell function and causes hyperglycemia (Chukwuma et al., 2018). Insulin resistance can also result to 

dyslipidaemia, high levels of inflammatory signalling, and increased generation of reactive oxygen 

species, which can reduce vascular endothelial nitric oxide, leading to increasing blood pressure 

(Angelidi et al., 2021). The third kind of diabetes, known as gestational diabetes, affects pregnant 

women who have or have not previously suffered from diabetes. Usually, this kind of diabetes reduces 

once the baby is born. But it puts the mother and kid at risk for T2D at a later time (ADA, 2022).  

Persistent elevation of blood glucose can cause oxidative damage to the vasculature, potentially leading 

to microvascular (retinopathy, neuropathy, and nephropathy) and macrovascular (cardiovascular) issues 

(Yuan et al., 2020). Therefore, oxidative stress is considered a major player in the development and 

progression of diabetic complications. (Pourghassem-Gargari et al., 2011; Yuan et al., 2020). Reactive 

oxygen species (ROS), such as hydrogen peroxide can induce a substantial reduction in insulin 

signalling and glucose movement in target cells (Angelidi et al., 2021). The pathophysiology of oxidant-

induced insulin resistance also involves stress-activated serine kinases and excess generation of 

hydrogen peroxide and superoxide ions in the mitochondria, which exacerbate the development of 

insulin resistance in skeletal muscle (Angelidi et al., 2021).  

Studies have shown that diabetes is a serious health challenge throughout Africa, especially in South 

Africa. In addition to direct healthcare costs, diabetes leads to premature deaths and disabilities, which 

significantly impact the well-being of patients and caregivers (Mayosi et al., 2009). The people with 
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low to moderate incomes are the most affected since they find it difficult to pay for high-quality medical 

treatment. This is because commercially available antidiabetic drugs such as the biguanides, 

sulfonylureas, thiazolidinedione, α-glucosidase inhibitors, dipeptidyl-peptidase IV inhibitors, insulin- 

and incretin-based therapies are expensive and most times unaffordable. Also, the are side effects of 

synthetic commercial drugs (weight gain, hypoglycaemia, gastrointestinal disturbances, urinary tract 

and genital infections, jaundice, hepatitis, liver injury, allergic reactions, etc.) have discouraged their 

use (Bösenberg & van Zyl, 2008; Chaudhury et al., 2017). The rural and middle-class population relies 

on fruits, vegetables, and native plant mixtures as supplemental and/or alternative treatments for many 

chronic non-communicable disorders, such as vascular complications and diabetes (Mothibe & Sibanda, 

2019).  

Fruits and vegetables contain bioactive compounds that have a significant function in controlling human 

metabolisms, which often leads to enhanced health and overall well-being. Studies on animals and cells 

have documented the health benefits of phytochemicals, which frequently involve controlling cell 

signalling pathways, scavenging free radicals, and reducing inflammation. (Mahmoud et al., 2013). 

Bioactive compound applications have been linked to reduced incidences or delayed progression of 

many diseases (Awuchi, 2021). Natural antioxidants found in fruits help reduce oxidative stress and 

slow the development of metabolic and cardiovascular problems associated with diabetes (Wallace et 

al., 2019). 

Some published articles have shown that non-edible wastes, particularly fruit peels, contain phenolics 

and other phytochemicals as in the edible portions (Sagar et al., 2018, Rafiq et al., 2019). These 

compounds could be important in addressing various chronic diseases such as diabetes, hypertension, 

obesity, and cardiovascular issues. This is pertinent in a country like South Africa, where substantial 

quantities of under-utilized fruit wastes (peels, seeds, pomace, etc) are produced annually, which 

potentially hold medicinal and bio-economic importance (Khan et al., 2015). The waste from these 

fruits could be investigated as candidates for naturally occurring sources of bioactive compounds for 

the treatment of diseases. The peel wastes of fruits could be probed for the isolation of bioactive 

compounds that can prevent thrombosis, oxidative stress, osteoporosis, and diabetes, lower the risk of 

cardiovascular illnesses and capillary fragility and suppress platelet aggregation (Vinayagam et al., 

2017; Sun et al., 2020). Fruits such as Persea americana Mill (avocado) and Litchi chinensis Sonn 

(litchi) have appreciable nutritional and phytochemical profile and may be transformed into medicines 

or nutraceuticals that can be used to treat and prevent many chronic illnesses, including cancer, diabetes, 

hypertension, hyperglycemia, hyperlipidaemia, atherosclerosis, and hypertension (Yahia & Woolf, 

2011; Yao et al., 2021). 

The peel of avocado is a big source of phytochemicals and has higher phenolic content and antioxidant 

activity than the edible part (pulp) because of its three times higher polyphenol concentration (Melgar 
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et al., 2018; Tremocoldi et al., 2018). In comparison with other tropical fruit peels (banana, melon, 

passion fruit, papaya, pineapple, and watermelon), the avocado dried peel has the most significant 

flavonoid concentration, and the fruit's raw peel has the highest overall phenolic content. (Akan, 2021). 

The peel extracts also act as inhibitors for the inflammation mediators and pro-inflammatory cytokines 

TNF-a, properties that may be attributed to a radical scavenging during inflammation (Tremocoldi et 

al., 2018). The peel also has a potent antimicrobial property that is comparable to that of nisin, a 

naturally occurring antimicrobial dipeptide (Coman et al., 2020). 

On the other hand, several studies have shown that litchi extracts exhibit antidiabetic activity by 

reducing pancreatic damage (Li et al., 2018). Also, litchi ameliorates insulin resistance and improves 

glucose tolerance by stimulating the expression of proteins involved in glucose transport (Li et al., 

2018). Litchi peel is a known source of Oligonol procyanidins A and low-molecular-weight oligomers 

such as epicatechin, catechin, and epigallocatechin gallate (Park et al., 2018). These have been 

identified as strong phenolics that promote health through metabolism, vascularity (Fu et al., 2017; 

Rauf et al., 2019). These bioactive flavonoids have also been reported in the peel of litchi fruit (Zhao 

et al., 2006; 2007; Chukwuma et al., 2021). Feeding diabetic mice an extract containing oligonol from 

litchi peel decreased blood sugar levels and increased insulin release from β cells (Park et al., 2018). 

The extract enhanced pancreatic histology and decreased oxidative stress and inflammation in the 

pancreas, which may have some bearing on the organ's capacity to maintain insulin output. (Park et al., 

2018).  

Despite the antioxidant, glycaemic control, and anti-inflammatory attributes of the peel of avocado and 

litchi fruits, prior research has been unable to establish a connection or association between the primary 

phytoconstituents found in the peel of these fruits and their bioactivity. Establishing such a connection 

will provide further knowledge about the antioxidant and anti-hyperglycaemic phytochemistry of the 

peel from these fruits. Understanding the antioxidant and anti-hyperglycaemic phytochemistry of the 

peel of these fruits may also inform their effective therapeutic application. Using a bioassay-guided 

approach, the current study employed computational, in vitro, cell-based, and in vivo models to 

investigate the antioxidant and glycaemic control phytochemistry of the peel of avocado and litchi 

fruits. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Diabetes  

Diabetes is a multifaceted and long-term metabolic illness with a variety of manifestations, each with a 

unique pathophysiological cause and mostly sharing overlapping characteristics (Banday et al., 2021). 

The disease is marked by abnormally elevated blood glucose levels, brought on by a hereditary or 

acquired pancreatic insufficiency in insulin synthesis or by the incapacity of insulin to operate in target 

tissues and cells (ADA, 2015; Soumya et al., 2011). The primary regulator of blood glucose, lipid, and 

protein metabolism is insulin, a peptide hormone. After food consumption, blood glucose levels rise, 

and the pancreatic islets of Langerhans' β-cells produce insulin to regulate blood glucose levels (Norton 

et al., 2022). 

In a diseased state, the body's cells cannot metabolize sugar efficiently, because the pancreas is unable 

to produce enough insulin or because the body is unable to respond to insulin efficiently. As a result, 

the body breaks down fat, protein, and glycogen to make glucose, leading to continuous hyperglycemia 

and an overabundance of liver byproducts. (Ghimire and Dhamoon, 2023). These irregularities happen 

gradually and eventually compromises the functioning and structure of micro- and macro vasculature 

throughout the body. This may lead to structural and functional abnormalities in the circulatory system 

of the organs, resulting in micro- and macrovascular problems (Banday et al., 2021). Organs like the 

heart, kidneys, nerves, eyes, and kidneys are the most susceptible, resulting in their damage and/or 

failure (Banday et al., 2021). Retinopathy is a common consequence of eye-related complications that 

can result in blindness. Renal failure and nephropathy can result from kidney-related complications. 

Coronary heart disease and hypertension are examples of heart-related complications. Peripheral and/or 

autonomic neuropathy can result from nerve-related complications. Short-term peripheral neuropathy 

can cause foot infections, including ulcers that need to be amputated, and Charcot joint 

(osteoarthropathy). Long-term autonomic neuropathy can cause disorders of the heart, stomach, and 

genitourinary system, including amputation-requiring ulcers and Charcot joint osteoarthropathy (ADA, 

2018; Rawshani et al., 2017). 

Symptoms associated with persistent high blood glucose include excessive urination (polyuria), extreme 

thirst (polydipsia), weight loss, and sometimes increased appetite (polyphagia) and blurred vision. In 

addition, it may weaken the immune system, making individuals more susceptible to certain infections. 

These complications are common in both industrialized and developing nations, causing a significant 

socioeconomic obstacle (Subramani et al., 2019; Salehi et al., 2019; Chatrati et al., 2022). 
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2.2 Classification of diabetes 

Diabetes is classified by the American Diabetes Association (ADA) based on aetiology and clinical 

presentation (ElSayed et al., 2023, ADA, 2023). Figure 2.1 depicts the different types of diabetes, 

which are highlighted below (Banday et al., 2021).  

1. Type 1 diabetes: Caused by autoimmune destruction of β-cells. This condition typically 

results in complete insulin insufficiency. 

2. Type 2 diabetes: Usually accompanied by insulin resistance and metabolic syndrome, which 

results in a non-autoimmune gradual loss of sufficient β-cell insulin production. 

3. Specific types of diabetes, or secondary diabetes: This class of diabetic disorders includes 

conditions caused by exocrine pancreas diseases (like pancreatitis and cystic fibrosis), drug- or 

chemical-induced diabetes (like glucocorticoid use, HIV/AIDS treatment, or organ 

transplantation), and monogenic diabetes syndromes (like neonatal diabetes and maturity-onset 

diabetes of the young). 

4. Gestational diabetes: Impaired glycaemic control in pregnant women that was not present 

before pregnancy but was discovered in the second or third trimester of pregnancy. 

 

Figure 2.1: Types of diabetes (Banday et al., 2021). 
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Type 2 diabetes (T2D) is the most common form of diabetes, which makes up more than 90% of cases 

(Goyal et al., 2024). Hence, this review focuses on its pathophysiology and management. It is also 

known as non-insulin-dependent diabetes or adult-onset diabetes. T2D is characterized by insulin 

resistance, hyperglycaemia, and relative insulin deficiency and with time can progress to overt diabetes, 

due to compromised β-cell integrity and function (Galicia-Garcia et al., 2020; Damanik et al., 2021). 

The mechanism by which insulin resistance develops is complicated and can be impacted by different 

factors, such as growing older, being obese, having a family history of diabetes, not exercising, and 

embracing modern lifestyles (Zhu et al., 2021). Additionally, women who have experienced gestational 

diabetes mellitus and individuals with underlying cardiovascular impairments may also be at increased 

risk (Brown et al., 2009; Brown et al., 2010, Banday et al., 2021). The disease is slow-progressing and 

asymptomatic. Even with mild hyperglycaemia, it may take years to develop to an overt stage. As a 

result, it is often not diagnosed until classic symptoms (weight loss, growth impairment, blurred vision, 

polyuria, polydipsia, etc.) linked to extreme hyperglycaemia develop in the advanced stages of the 

disease (Banday et al., 2021). For many years, there have been theories on the possibility of preventing 

or delaying T2D by altering certain of its risk factors. The protracted and frequently slow increase in 

blood sugar levels before the diagnosis of diabetes implies that precautionary measures implemented 

throughout that time frame may be beneficial in averting T2D (Majety et al., 2023). 

 

2.3 Epidemiology of type 2 diabetes 

The global incidence of T2D is increasing with no signs of slowing down. The increasingly heavy 

burden on lower-income nations is a major concern (Khan et al., 2019). According to a 2021 estimate 

from the International Diabetes Federation (IDF), 537 million adults worldwide suffered from diabetes, 

and is projected to rise to about 783 million adults by 2045 (IDF, 2021). Because T2D affects 

approximately 25% of people over 65, and this percentage is likely to increase in the coming decades, 

prevention efforts are critical given the detrimental human and financial impact of the disease, coupled 

with the difficulty of treating it once diagnosed (ADA, 2019). The elderly with T2D are more likely to 

experience functional disability, co-occurring illnesses, numerous common geriatric disorders, and 

microvascular and macrovascular complications (Kirkman et al., 2012). 

According to the 10th Edition of the IDF Atlas, 4.2 million persons in South Africa between the ages of 

20 and 79 have type 2 diabetes (IDF, 2021). With a T2D prevalence incidence of 11.3%, South Africa 

has one of the highest in Sub-Saharan Africa  (IDF, 2023; Sahadew & Singaram, 2019). This increase 

is influenced by urbanization, unhealthy lifestyle choices, obesity, poor diet, increasing fasting blood 

glucose, and little physical activity (Werfalli et al., 2018; Pheiffer et al., 2018). A study has shown that 

by 2030 the financial burden (i.e., direct medical expenditures) of diagnosed T2D on the public 

healthcare system in South Africa will amount to about 35.1 billion South African Rands (ZAR) (Erzse 
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et al., 2019). Moreover, the IDF reported that in 2021 about 96, 000 diabetes related fatalities in South 

Africa. Diabetes-related medical costs reached US$1700 per person, reiterating the negative socio-

economic impact that diabetes has in Africa and globally. 

Diabetic complications, such as hypertension, hyperlipidaemia, obesity, cataracts, diabetic retinopathy, 

impaired renal function, and erectile dysfunction, are prominent in Sub-Saharan Africa, stressing the 

importance of strategies for early diagnosis and prevention (Ekoru et al., 2019). Moreover, T2D plays 

a key role in the development and progression of cardiovascular diseases, including cardiac dysfunction 

and heart failure, underscoring the need for better awareness, diagnostics, and management (Glezeva et 

al., 2018). 

 

2.4 Type 2 diabetes risk factors 

The risk factors of T2D range from non-modifiable, including ethnicity and genetic predisposition to 

modifiable, which are mostly lifestyle-related (Galicia-Garcia et al., 2020) (Figure 2.2). 

 

2.4.1 Ethnicity and genetic susceptivity 

The complexity of diabetes demands a comprehensive understanding of its risk factors for effective 

prevention and treatment. Ethnic disparities in T2D incidence may stem from various factors, including 

the distribution of body fat, adipose tissue function, and insulin secretion and sensitivity. These factors 

are influenced by a combination of genetic and environmental factors, and thus understanding the 

interrelation is crucial to combat the disease (Golden et al., 2019; Yaghootkar et al., 2020). According 

to a previous report, the incidence of diabetes in the United States displays a significant variation based 

on self-reported ethnicity and physician-diagnosed diabetes. This includes 17.7% of white European 

individuals, 22.5% of Asians, 30.6% of Hispanics and Africans, and 45.2% of American Indians/Alaska, 

who are 75 years of age or older (Golden et al., 2019). The diversity is also noticeable within ethnic 

sub-groups, where Indians have the highest risk of disease (38.8%) among Asians, and Mexicans have 

the highest prevalence (33.4%) among Hispanics (Cowei et al., 2018). 

In South Africa, the coloured population exhibits a higher occurrence of T2D in comparison to the 

Indian and Black populations (Pheiffer et al., 2021). Although the precise causes are yet to be fully 

understood, experts have put forward potential factors, such as genetic predisposition and gene-

environment interplay, socioeconomic advancement, and contemporary behaviours that encourage 

weight gain (Hu, 2011; Basu et al., 2013). Studies have demonstrated that an individual's genetic 

makeup greatly influences their susceptibility to T2D. As a result, pinpointing the genetic variations 

that contribute to the illness is critical in effectively managing the condition. This approach could 
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enhance the patient's overall health status, and minimize the likelihood of complications (Sirdah et al., 

2020). Genome-wide association studies (GWAS) have pointed out over 500 genomic variants and 

susceptibility genes (TCF7L2, PPARG, CDKAL1, CDKN2A/B, IGFBP2, KCNJ, CAPN10, FTO, and 

others) associated with increased risk to T2D (Vujkovic et al., 2020; Xue et al., 2018). Most of these 

variants affect insulin secretion, by either directly altering islet function (e.g. KCNJ11) and its 

development (HNF1A, WFS1) or indirectly by altering incretin signalling (GLP1R) (Dimas et al., 

2014). 

 

Figure 2.2: Risk factors of type 2 diabetes (Galicia-Garcia et al., 2020). 

Conversely, a small number of loci linked to T2D appear to function predominantly through insulin 

resistance (PPARG, IRS1), adipogenesis (KLF14, PPARG), and obesity (FTO) (Dimas et al., 2014). 

Additionally, research suggests that genetic diversity can be used to predict the occurrence of T2D 

(Vassy et al., 2012; Imamura et al., 2013; Talmud et al., 2015; Mahajan et al., 2018). Genetic data can 
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aid in projecting lifetime risk. However, maintaining a normal body weight can mitigate a high genetic 

risk (Ligthart et al., 2021). Specific genetic variations, including IGF2BP2, HMG20A, and HNF1B, 

can heighten the risk of T2D, especially among the Han Chinese population (Huang et al., 2020). In 

2020, a comprehensive study delved into the genetic predisposition to T2D through a meta-analysis of 

over 228,000 cases and 1.1 million controls across several studies, including the Million Veteran 

Program (MVP), DIAMANTE, and Biobank Japan. The study revealed 318 newly discovered risk loci 

associated with T2D, including some that are connected to associated vascular outcomes or 

complications (Vujkovic et al., 2020). In another study by Goyal et al. (2019), the influence of genetic 

variants of HHEX, CDKAL1, WFS1, and SLC30A8 genes on different Asian populations was 

discussed, highlighting the heightened vulnerability of Asians to these variants (Goyal et al., 2019). The 

complex interaction between hereditary and environmental variables in the likelihood of acquiring T2D 

was emphasized by the above studies taken together. Therefore, to properly manage T2D, it is important 

to determine the particular genetic variations that contribute to the condition. This strategy may improve 

clinical results for patients. 

 

2.4.2 Unhealthy dieting, obesity, and physical inactivity 

The development of T2D can be influenced by an unhealthy diet, obesity, and physical inactivity (Zhu 

et al., 2021; Oynotkinova et al., 2022). Obesity, especially in the abdominal area [shown by a body-

mass index (BMI) ≥ 30 kg/m2], can significantly increase one's chances of developing T2D, this is due 

to metabolic abnormalities that lead to insulin resistance and disruptions in glucose metabolism (Feng 

et al., 2021; Ruze et al., 2023). Increased synthesis of pro-inflammatory adipokines from fat tissue ( 

including interleukin-6 and tumour necrosis factor-alpha) in the vital bodily processes that modulate 

insulin resistance is a major culprit, which is caused by obesity. Insulin resistance may result as these 

adipokines disrupts the insulin signalling pathways (Eckel et al., 2011). The body then produces more 

insulin in response to insulin resistance, which results in the build-up of extra fat in the liver. Fat that 

builds up in the liver is sent to other organs, such as the pancreas, and over time, this can cause the 

secretion of insulin to gradually decrease. This vicious cycle of increased insulin production and ectopic 

fat storage leads to hyperglycaemia and the onset of T2D (Sulu et al., 2024). Adopting appropriate 

physical activity patterns either alone or in combination with diet and drug therapy (such as oral 

hypoglycaemic agents) can significantly reduce the risk of T2D. Additionally, losing weight can cause 

the pancreas, liver, and other peripheral organs to rapidly lose ectopic fat, which can significantly 

improve insulin resistance. Moreover, a lower body weight might increase pancreatic first-phase insulin 

production, which is crucial for preventing the development of T2D. This can improve glycaemic 

control and even aid in treating T2D (Taylor et al., 2018; Al-Mrabeh et al., 2020; Zhyzhneuskaya et al., 

2020). Therefore, incorporating healthy lifestyle changes, such as a nutritious diet and regular exercise 
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is essential to mitigate risk factors for T2D and cardiovascular diseases (Sigal et al., 2004; Gao et al., 

2022; Oynotkinova et al., 2022).  

 

2.5 Pathophysiology of type 2 diabetes 

Type 2 diabetes is a metabolic disorder marked by defects in insulin secretion, insulin resistance, and 

eventual failure of pancreatic β-cells. High blood sugar levels are the outcome of this condition, which 

is preceded by a reduction in insulin-mediated glucose transport into the liver, muscle, and fat cells. 

Elevated blood sugar levels have the potential to alter both major and tiny blood capillaries across the 

body. Over time, the excess glucose in the blood can lead to an increased rate of fat breakdown, which 

can contribute to the progression of the disease and the onset of serious complications such as 

cardiovascular diseases, cerebrovascular diseases, retinopathy, neuropathy, and renal diseases 

(Nowotny et al., 2015; Zheng et al., 2018). Figure 2.3 shows the pathophysiological pathways of T2D. 

 

Figure 2.3: Pathophysiology of type 2 diabetes (Stumvoll et al., 2005). 

Impaired insulin production and insulin resistance are both critical components in the development of 

T2D. Patients suffering from these disorders are usually obese and usually develop them in adulthood; 

the frequency rises with aging and the loss of β-cell activity. Insulin release is decreased when β-cells 
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are not working properly, which restricts the body's capacity to maintain appropriate glucose levels 

(Stumvoll et al., 2005). Insulin resistance also lowers the quantity of glucose taken by muscle, the liver, 

and adipose tissue while increasing the liver's production of glucose. While T2D is a result of both 

processes, β-cell malfunction often manifests as a more severe condition than insulin resistance (Cerf, 

2013; Zheng et al., 2018). However, when both β-cell dysfunction and insulin resistance are present, 

hyperglycaemia worsens, leading to overt T2D. Other than pro-inflammatory response and oxidative 

stress, β-cell dysfunction could be caused by exhaustion resulting from hyperinsulinemia - an increased 

insulin production to compensate for insulin resistance (Galicia-Garcia et al., 2020). 

Obesity and insulin resistance are connected to the emergence of T2D in several ways. The increased 

production of proinflammatory adipokines from adipose tissue, such as interleukin-6 and tumour 

necrosis factor-alpha can cause disruptions in the insulin signalling pathways (Eckel et al., 2011). 

Compensatory hyperinsulinemia exacerbates hepatic fat formation, which can result in the buildup of 

"ectopic fat" in the pancreas and other tissues (Larson-Meyer et al., 2011). This may eventually lead to 

a progressive reduction in insulin production and the onset of T2D. Additionally, mitochondrial 

dysfunction can impair insulin sensitivity and β-cell function, another mechanism that connects obesity 

to T2D (Bournat et al., 2010). However, the critical role of oxidative stress in the pathophysiology and 

complications of T2D cannot be overemphasized. 

 

2.6 Relationship between oxidative stress in type 2 diabetes 

The overproduction of different reactive oxygen species (ROS) caused by the excessive rise in glucose 

levels in diabetes is what causes tissue damage via multiple signalling pathways. (Bhatti et al., 2022). 

This condition can lead to various complications, including lipid peroxidation, DNA damage, and 

mitochondrial dysfunction, which can impede insulin signal transduction (IST) and increase the risk of 

insulin resistance (Yaribeygi et al., 2020). Oxidative stress arises from a disparity between the 

production of pro-oxidant species and the body's capacity to neutralize them through antioxidant 

mechanisms. Oxidative stress is a notable underlying factor in the development and advancement of 

T2D (Azarova et al., 2023). Oxidative stress can mediate the oxidative damage β-cells, thus 

compromising their number and function. It can also cause cell apoptosis, leading to the death and loss 

of β-cells in the pancreas. Pancreatic β-cells are more susceptible to oxidative damage because of low 

amounts of antioxidant enzymes such as catalase, superoxide dismutase, glutathione-S-transferases, 

glutathione peroxidase, glutathione reductase, and high endogenous generation of ROS. (Eguchi et al., 

2021). Figure 2.4 shows the function of oxidative stress in T2D-related pathologies and complications. 
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Figure 2.4: The role of oxidative stress in diabetic pathologies and complications (Xu et al., 2021). 

High glucose levels can initiate the polyol pathway by activating an enzyme called aldose reductase, 

which can lead to increased production of sorbitol (Paul et al., 2020). Aldose reductase relies on a 

molecule called NADPH as a cofactor, and its overactivity can deplete NADPH levels. Normally, aldose 

reductase helps to convert toxic aldehydes in cells into safer alcohols, but in a high-glucose 

environment, it converts glucose into sorbitol instead. This results in NADPH depletion, which can 

adversely affect the redox replenishments of reduced glutathione (GSH), a potent intracellular 

antioxidant (Paul et al., 2020). Hyperglycaemia also enhances the activation of other biological 

pathways, such as increased protein kinase C (PKC) activation and synthesis, which leads to the 

overproduction of ROS and oxidative stress via several mechanisms, including activation and 

production of advanced glycation end-products (AGEs), autoxidation of glucose, hyperactivation of 

hexosamine pathway and  increased mitochondrial superoxide ion production (Papachristoforou et al., 

2020; Paul et al., 2020). 

Oxidative stress can alter the expression of genes through receptors, and even promote apoptosis of β-

cells, by targeting essential insulin gene transcription factors [PDX-1 (duodenal homeobox factor 1), 

NKX6.1, NGN3, FOXO1, MAFA, etc.] involved in the development and differentiation of the pancreas, 

and the maintenance of normal β-cell functions, thereby reducing the proliferation and differentiation 

of β cells, and ultimately reducing insulin production at the DNA level (Kawamori et al., 2003). When 

activated, specific stress-signalling pathways such as JNK, MAPK, and NF-κB can lead to the 

degradation of insulin receptor substrate (IRS), impairing insulin signalling mechanisms, and 
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consequently advancing the progression of T2D (Archuleta et al., 2009; Stuart et al., 2014) (Figure 

2.5). 

Additionally, these pathways can activate toll-like receptors (TLRs), which can hinder the function of 

beta cells. This worsens insulin resistance and further helps to the development of T2D (Liu et al., 

2023). Oxidative stress induced by ROS affects the movement of insulin-induced glucose transporter 4 

(GLUT4) from the cytoplasm to the plasma membrane in adipocytes (Hurrle et al., 2017). Furthermore, 

high levels of ROS can lead to the degradation of GLUT4, thus decreasing glucose uptake (Hurrle et 

al., 2017). GLUT4 controls the uptake of glucose by insulin-independent cells, including, myocytes, 

and adipocytes. Decreased levels of GLUT4 exacerbate insulin resistance in peripheral tissues and 

hyperinsulinemia, which contributes to hyperglycaemia (Ma et al., 2014). Therefore, regular expression 

and localization of GLUT4 in these tissues are important to maintain insulin sensitivity (Hurrle et al., 

2017). 

 

Figure 2.5: Possible molecular mechanisms underlying oxidative stress-mediated beta-cell dysfunction 

and insulin resistance (Yaribeygi et al., 2020). 

Research has also demonstrated that increased ROS stimulates casein-kinase 2 (CK-2), which activates 

retromers to start the trans-Golgi network and facilitates GLUT 4 translocation to lysosomes rather than 

the plasma membrane (Rudich et al., 1999). By inhibiting transcription factors like PPAR-γ 

(peroxisome proliferator-activated receptor γ), CEB/Ps (CCAAT-enhancer-binding proteins), NF-1 

(nuclear factor-1), p85, HIF-1α (hypoxia-inducible factor α), MEF2 (myocyte enhancer factor 2), Nf-

κB, and microRNAs (miR-21a-5p, miR-222-3p, miR-133b-3p, miR-10b, miR-106b-5p, miR-29c-3p, 

and miR-133a-3p) that contribute to GLUT4 expression, oxidative stress inhibits GLUT4 transport and 

expression (She & Mao, 2011). Therefore, the reduction of GLUT4 expression/localization is one of 

© Central University of Technology, Free State



Page | 14  
 

the main molecular mechanisms by which oxidative stress induces insulin resistance and promotes the 

occurrence of T2D ( Hurrle & Hsu, 2017). 

Furthermore, free radicals can cause serine phosphorylation of IRS 1 and 2, resulting in IST disease. 

Through the activation of the JNK/SAPK signalling pathway, free radicals can promote serine 

phosphorylation (Ser 307) of IRS-1, hence limiting normal IST. Additionally, through a biochemical 

mechanism that depends on the suppression of p38 MAPK, free radicals can suppress normal IST. 

Normal IST was restored in both in vitro and in vivo experimental models by suppressing the activation 

of the aforementioned pathways of free radicals (Aguirre et al., 2000; Maddux et al., 2001). Oxidative 

stress caused by elevated glucose levels can trigger several stress-sensitive serine/threonine kinases, 

such as IKK-β, and thus phosphorylating several targets, including IRS1, IRS2, and IRs. This might 

lead to negative consequences later on, such as decreased PI3K activation and insulin resistance. It has 

been shown that salicylates, an inhibitor of IKK-β, restored normal IST in oxidative stress in vitro (Kim 

et al., 2001). 

Serine/threonine kinases, such as AKT, GSK-3, AMPK, and mTOR, are highly sensitive to oxidative 

stress and may damage IST, leading to impaired insulin sensitivity, insulin resistance, and T2D (Evans 

et al., 2003; Rains et al., 2011). High levels of oxidants can cause oxidative DNA damage in T2D 

patients who undergo peritoneal dialysis (Pazarín-Villaseñor et al., 2023). Moreover, the accumulation 

of AGEs and oxidative stress in T2D patients contributes to bone fragility, which increases their risk of 

fractures (Cavati et al., 2023). The production of ROS in diabetes causes cellular impairment and 

damage to macromolecules such as proteins, lipids, and DNA, contributing to the pathogenesis of 

diabetic complications (Gonzalez et al., 2011). 

 

2.7 Diabetes Complications 

Type 2 diabetes is linked to both macrovascular and microvascular complications (Viigimaa et al., 

2020). These complications include coronary artery disease, cerebrovascular disease, peripheral artery 

disease, diabetic microangiopathy, diabetic nephropathy, diabetic retinopathy, and diabetic neuropathy 

(Satyam et al., 2021; Paul et al., 2020). The prevalence of these complications is high, particularly in 

patients with elevated HbA1c levels (Satyam et al., 2021). The complications' molecular mechanisms 

involve vascular endothelial dysfunction, exacerbated by chronic hyperglycaemia (Paul et al., 2020). 

 

2.7.1 Microvascular complications  

Chronic intracellular hyperglycaemia and genetic predisposition eventually affect the microvasculature, 

leading to complications, including retinopathy, neuropathy, and nephropathy (Faselis et al., 2020). 
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Among individuals affected by diabetes, retinopathy accounts for 13% of microvascular complications, 

with neuropathy and nephropathy following at 4% and 3%, respectively (Ogurtsova et al., 2022). 

 

Diabetic nephropathy  

Diabetic nephropathy is a complex condition of T2D with multiple contributing factors. 

Hyperglycaemia, genetic predisposition, hypertension, dyslipidaemia, and proteinuria all have a critical 

role in its pathogenesis (Long et al., 2011; Vogt et al., 2018). It develops in around 40% of patients who 

have been diagnosed with T2D and is the primary cause of end-stage renal disease, which is linked to 

morbidity and mortality incidences (Beckman et al., 2016, Alicic et al., 2017; Maggiore et al., 2017). 

The pathogenesis of diabetic nephropathy is brought on by an increase in the generation of free radicals, 

accumulation of AGEs, activation of PKC, and distortion of renin-angiotensin-aldosterone system 

(Koch et al., 2020). Hyperglycaemia causes the high formation of AGEs and a proinflammatory state, 

causing a gradual decline in the glomerular filtration rate and leading to vascular complications (Faselis 

et al., 2020; Selby et al., 2020). The appearance of albuminuria is linked to a gradual reduction in the 

glomerular filtration rate, which corresponds with the extent of albumin excretion or increased urine 

protein levels, blood pressure, and blood glucose levels (Rayego‐Mateos et al., 2020). However, a 

reduction in the glomerular filtration rate may also be the result of other factors such as being female, 

obese, or having hypertriglyceridemia. 

Inflammation plays an important role in the growth and advancement of diabetic nephropathy, with 

specific inflammatory mediators and intracellular signalling pathways being implicated (Schena et al., 

2005). The modulation of the inflammatory response has recently become known as a promising 

approach to mitigate diabetic kidney disease (Wada et al., 2016; Niewczas et al., 2019). These 

therapeutic methods involve inhibiting adhesion molecules, chemokines, cytokines, immune cells, and 

intracellular signalling pathways involved in inflammatory responses. (Rayego‐Mateos et al., 2020). 

 

Diabetic retinopathy 

Diabetic retinopathy is the most common complication of diabetes and the main cause of blindness in 

diabetic patients (Whitehead et al., 2018). It is a neurovascular disease characterized by neuronal and 

vascular abnormalities (Oshitari, 2021). These abnormalities, including retinal vascular changes, are 

driven by hyperglycemia and the subsequent overproduction of ROS (Wu, 2022). The disease presents 

blurred vision, decreased vision, and blindness (Antonetti et al., 2012). Diabetic retinopathy is divided 

into two types, namely non-proliferative diabetic retinopathy and proliferative diabetic retinopathy 

(Nikhil et al., 2019). The non-proliferative diabetic retinopathy, also called early diabetic retinopathy, 

can be identified by clinical symptoms such as retinal microaneurysms, cotton wool spots, 
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haemorrhages, and exudates, which may go unnoticed by the patient. Over time, non-proliferative 

diabetic retinopathy can advance to a more severe form of the disease. On the other hand, proliferative 

diabetic retinopathy or late diabetic retinopathy is usually distinguished by the development of new 

blood vessels that are delicate and can rupture and bleed heavily (Solomon et al., 2017). 

According to Kusuhara et al. (2018), the pathogenesis of diabetic retinopathy is complicated and 

includes retinal neovascularisation and the disruption of the blood-retina barrier. Several stress factors 

lead to diabetic retinopathy. ROS are produced by cellular metabolism, activation of the hexosamine 

and polyol pathways, overexpression of PKC, and AGE deposition (Biswas et al., 2023) can cause 

retinal malfunction, cell apoptosis, lipid peroxidation, mitochondrial impairment, which can disrupt the 

blood barrier, and impair neural tissue homeostasis (Volpe et al., 2018; Rinaldi et al., 2021). The onset 

and development of diabetic retinopathy might include elevated oxidative stress, inflammation, and 

renin-angiotensin system dysfunction (Zhan, 2023). 

In addition to oxidative stress, retina inflammation may occur (Wei et al., 2022). Chronic inflammation 

plays an important part in developing diabetic retinopathy. Inflammation is caused by factors such as 

leukocyte arrest, inflammation-related cytokines (such as interleukin-1β), miRNA regulation, and the 

activation or inhibition of signalling pathways. Microvascular lesions are common in diabetic 

retinopathy, and chronic inflammation contributes to the molecular pathogenesis of the disease (Spencer 

et al., 2020; Wei et al., 2022). Chronic hyperglycaemia and hypoxia stress can cause vascular 

endothelial growth factor (VEGF) to become highly activated in the tissues, leading to vasopermeability 

and proliferative diabetic retinopathy. In addition, hyperglycaemia can induce VEGF expression in 

microglia through the ERK1/2-NF-κB signalling pathway. As a result, reactive microglia are stimulated 

by chronic hyperglycaemia and are associated with the progression of diabetic retinopathy (Semeraro 

et al., 2019; Zhang et al., 2019). Other cytokines, such as TNF-a, interleukin-6 (IL-6), and growth 

factors also play a role in this process. One of the most important pro-inflammatory cytokines found in 

diabetic retinopathy patients' vitreous is IL-6. Retinal endothelial cells' oxidative stress can be 

considerably decreased and retinal oxidative damage can be avoided by inhibiting IL-6 trans-signalling 

(Robinson et al., 2020). 

 

Diabetic neuropathy 

Diabetic neuropathy is a neurodegenerative disorder that encompasses numerous factors that impact 

peripheral nerves. It is characterized by abnormal glucose metabolism, leading to a range of symptoms 

that can lead to a decrease in sensation (Kaur et al., 2023). These symptoms include numbness, burning, 

electric-shock-type pain, aching, scratching, and cold pain (Gylfadottir et al., 2019). Nerve damage may 

develop in individuals with long-term diabetic conditions, followed by hyperalgesia and allodynia 

(Beadon et al., 2020). There are two main types of diabetic neuropathy, namely painless and painful. 
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Painless diabetic neuropathy is characterized by a lack of pain sensitivity, which can cause foot ulcers. 

On the other hand, painful diabetic neuropathy is characterized by neuropathic pain that can be highly 

distressing (Gylfadottir et al., 2019). diabetic neuropathy affects both the autonomic and somatic 

peripheral nerves. Since autonomic innervation is present throughout the body, it affects various systems 

in the body such as the cardiovascular, urogenital, gastrointestinal, pupillomotor, thermoregulatory, and 

sudomotor systems (Javed et al., 2015).  

Several metabolic pathways have been implicated in diabetic neuropathy, including the polyol, 

hexosamine biosynthetic, and PKC pathways and the overproduction of AGE. More often than not, 

ROS damage and mitochondrial dysfunction may serve as their terminal pathway (Yaowei et al., 2024). 

Persistent high blood glucose is the main influencer of the oxidative damage underlying diabetic 

neuropathy (Pang et al., 2020). This is mediated through polyol, hexosamine, AGE, and PKC pathways, 

which could lead to direct nerve damage. The polyol pathway also depletes the quantity of NADPH, 

resulting in oxidative damage within nerve cells (Thakur et al., 2021). Hyperglycaemia-induced 

mitochondrial flow of glucose alters energy metabolism resulting in elevated superoxide ion by-

products and leakage of ROS (Eftekharpour and Fernyhough, 2022). 

 

2.7.2 Macrovascular complications 

Macrovascular complications in diabetes are caused by the narrowing of large arteries and veins due to 

atherosclerosis. As a result, the function of large blood vessels is primarily affected, leading to the 

development of atherosclerosis and other cardiovascular diseases and adversely impact the individual's 

health and well-being (Brownrigg et al., 2013; Ferranti et al., 2014).  

 

Coronary artery disease 

Coronary artery disease is a macrovascular complication that is frequently linked to diabetes. This 

interaction has several aspects and integrates multiple key processes. Diabetes accelerates the 

development of atherosclerosis, which starts when lipoproteins are deposited in the artery wall. Foam 

cells proliferate and low-density lipoprotein (LDL) particles oxidize in the subendothelial region, which 

ultimately results in vascular alterations. Acute coronary and cerebrovascular syndromes arise from the 

unstable rupturing of arterial plaque deposits (Bergheanu et al., 2017; Bancks et al., 2020). These 

plaques may obstruct the supply of blood to the heart, causing angina pectoris or, in more serious cases, 

myocardial infarction. People with diabetes have an increased risk of myocardial infarction. Numerous 

variables, including inflammation, endothelial dysfunction, and atherosclerosis, are responsible for this 

elevated risk (Zakir et al., 2023; Ferguson et al., 2013). 
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Peripheral artery disease 

Peripheral artery disease is a known macrovascular diabetic complication. The process starts with 

atherogenesis and progresses to obstruction and reduction of blood circulation to the lower extremities 

(Zakir et al., 2023). Numerous pathogenetic pathways, such as inflammation, aggregation of platelets, 

endothelial dysfunction, and vascular smooth muscle cell dysfunction have been linked to the 

atherosclerosis development (ADA, 2003). 

Since persistent hyperglycaemia is central to developing complications of diabetes, preventing or 

reducing persistent high blood glucose is key in preventing the onset of most diabetic complications. 

While many anti-diabetic drugs act to reduce blood glucose, their long-term effects are mitigating the 

development of hyperglycaemia-induced complications. 

 

2.8 Management of type 2 diabetes 

Early diagnosis and intervention are crucial for reducing the likelihood of long-term secondary 

problems of diabetes (Xianjun et al., 2018). When treating T2D, it is crucial to focus not only on 

reducing blood sugar levels but also on preventing the development of complications. In addition to 

maintaining a healthy, low-calorie diet and engaging in regular physical activity, treatment plans should 

be tailored to assist overweight diabetics in achieving their ideal weight. Microvascular complications 

decrease with lowering HbA1c. However, for prompt glycaemic control, individuals with T2D use 

hypoglycaemic drugs to reduce blood glucose levels. The known classes of drugs for T2D shown in 

Table 2.1 below. These drugs can be taken as monotherapies or combine therapies. 

Table 2.1: Antidiabetic drugs, modes of action, and side effects. 

Class of drug Examples Action Side effects 

Biguanides Metformin HbA1c ↓ 

Body weight ↓→ 

Cancer ↓ 

Cardiovascular↓ 

Gastrointestinal 

disorders ↑ Reversible 

vitamin B12 

deficiency↑ Lactic 

Acidosis ↑ 

Glinides  Repaglinide 

Nateglinide 

HbA1c ↓  

Body weight ↑  

Hypoglycemia ↑ 

Headache ↑ Upper 

respiratory tract 

infection ↑ 

Alpha-Glucosidase 

inhibitors  

Acarbose HbA1c ↓ 

Body weight ↓ → 

Gastrointestinal 

disorders ↑ 
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 Serum transaminases 

(AST, 

ALT) ↑ 

 

SGLT2-I 

 

Empagliflozin 

Dapagliflozin 

Canagliflozin 

HbA1c ↓ 

Body weight ↓ 

BP ↓ 

MACE ↓ 

Hospitalization for HF 

↓ 

Progression of renal 

disease ↓ 

Diabetic ketoacidosis 

↑ 

Genital infection ↑ 

Urinary tract infection 

↑ 

Hypovolemia ↑ 

Acute kidney injury ↑ 

(related to 

hypovolemia) 

Canagliflozin: 

Amputation ↑ 

Bone fracture ↑ 

Thiazolidinediones  

 

Pioglitazone HbA1c ↓ 

BP ↓ 

NAFLD ↓ 

MACE ↓ 

Body weight ↑ 

Peripheral edema ↑ 

Anemia ↑ 

Hospitalization for HF 

↑ 

Bone fracture in 

women ↑ 

DPP-4  Sitagliotin  

Saxagliptin  

Alogliptin 

HbA1c ↓ Saxagliptin: 

Hospitalization for HF 

Sulfonylureas   Glimepiride  

Gliclazide 

Glibenclamide 

Glipizide 

HbA1c↓ Body weight ↑ 

Hypoglycemia ↑ Lack 

of durable effect 

GLP-1 RA 

 

 

Liraglutide 

Dulaglutide 

Semaglutide 

Orforglipron 

HbA1c ↓↓ 

Body weight ↓ 

Systolic BP ↓ 

MACE ↓ 

 

Gastrointestinal 

disorders ↑ 

Semaglutide: 

Macular edema 
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Combination therapy Tirzepatide 

Retatrutide 

Quality of life for 

patients with HF ↑  

NAFLD ↓ → 

 

Adopted without permission from Weinberg Sibony et al. (2023). Annotations: ‘↑’, Aggravation/increase; ‘↓’ 

improvement/decrease; “→”, not confirmed. Abbreviations: “ALT”, alanine transaminase; “AST”, aspartate 

aminotransferase; “BP”, blood pressure; “HbA1c”, glycated haemoglobin; “HF”, heart failure; “MACE”, major 

adverse cardiovascular events; “NAFLD”, non-alcoholic fatty liver disease. 

 

2.8.1 Commercially available anti-hyperglycaemic medications 

Pharmaceutical therapy should start when lifestyle changes and frequent exercise are not enough to 

establish appropriate metabolic control (Masood, 2022). The primary objective of these medications is 

to improve glycaemic control and mitigate the risk of cardiovascular damage (Chaudhury et al., 2017).  

 

Insulin sensitizers 

Biguanides (Metformin)  

Biguanides are the most commonly prescribed first-line treatment and the primary oral drug of choice 

for managing T2D in all age groups (Giaccari et al., 2021). Biguanides suppress glucose production in 

the liver, increase sensitivity and responsiveness of cells to glucose, and decrease the digestion of 

glucose from the intestine (Giaccari et al., 2021). Metformin is a known biguanide that can be taken 

with or without food, and its daily dose ranges from 500 to 2550 mg (Züleyha et al., 2023). Its 

advantages include inexpensive cost, gentle side effects, low risk of hypoglycaemia, well-tolerated 

nature, and small reduction in body weight (Lv et al., 2020). Metformin also suppresses hepatic 

gluconeogenesis and lipogenesis by increasing the activation of the AMP protein kinase enzyme. Its 

effects on the gastrointestinal system and GLP1 action cause a decrease in appetite and, consequently, 

moderate weight loss (up to 6 kg) (Giaccari et al., 2021). It has cardiovascular protective properties, 

including regulation of blood lipids, as well as reduction of oxidative stress, blood pressure, and platelet 

aggregation (Erdin et al., 2023). A recently published meta-analysis suggested that metformin may 

improve kidney function and mitigate hyperglycaemia-mediated kidney damage. Metformin may 

decrease the incidence of neurodegenerative conditions, and perhaps,  have anti-neoplastic properties 

(Rutledge et al., 2022).  

Thiazolidinediones (Pioglitazone)  

Thiazolidinediones (TZDs), also called Glitazones act by ameliorating insulin resistance and improving 

insulin sensitivity. They improve peripheral insulin sensitivity and reduce the liver's synthesis of glucose 
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(Yamanouchi, 2010). TZDs activate peroxisome proliferator-activated receptor gamma (PPAR-γ) in the 

cell nucleus. Activation of PPAR-γ increases insulin sensitivity in adipose tissue, skeletal muscle, and 

the liver. The most used form of TZDs is pioglitazone. Some therapeutic outcomes of TZDs 

administration include improved glycaemic control, preserved pancreatic β-cell function, positive 

impacts on lipid profiles and cardiovascular health, and reduced inflammation (Long et al., 2022). TZDs 

are metabolized in the lung and excreted with bile. They do not cause hypoglycaemia, are often widely 

accepted, reduce secondary cardiovascular events, and lower blood pressure (DeFronzo et al., 2019). 

They reduce insulin resistance by acting primarily on adipose tissue. Glitazones have been shown to 

significantly reduce the risk of T2D, even more so than metformin. However, the use of glitazones in 

prediabetic patients is discouraged because of possible adverse effects, such as fluid retention, weight 

gain, heart failure, hepatotoxicity, osteoporotic fractures, and bladder cancer (Kernan et al., 2016). 

 

Insulin secretagogues 

Sulfonylureas 

Sulfonylureas are a type of medication that helps to reduce blood sugar levels by causing β-cells to 

secrete more insulin. They achieve this by obstructing the potassium ATP channels (DeFronzo et al., 

2019). Additionally, they reduce gluconeogenesis in the liver. They also decrease lipolysis and the 

clearance of hepatic insulin (Chaudhury et al., 2017). Sulfonylureas are known to have high efficacy in 

lowering blood glucose levels (Davies et al., 2022). However, they don't have a long-lasting impact and 

are linked to hypoglycaemia and weight gain (Davies et al., 2022). There is evidence of reduced risk 

risk of microvascular problems associated with the use of sulfonylureas (Chaudhury et al., 2017). 

However, sulfonylureas may cause hypoglycaemia because they stimulate insulin secretion in a 

glucose-independent manner (Chaudhury et al., 2017). Sulfonylureas are usually recommended as 

second-line treatment in the management of T2D  (ADA, 2016). Sulfonylurea monotherapy does not 

correlate with a higher risk of myocardial infarction in T2D patients compared to metformin alone. 

Second-generation sulfonylureas, such as glimepiride, glibenclamide, glipizide, and gliclazide are 

widely used now. These medications are considerably more powerful, reasonably priced, and have 

beneficial effect on HbA1c (Erdin et al., 2023). Sulfonylureas can be used with other oral antidiabetics 

and insulin but must be done with precaution due to the risk of hypoglycaemia (DeFronzo et al., 2019). 

Meglitinide 

Meglitinides or Glinides, are insulin secretagogues that cause pancreatic β-cells to depolarise, which in 

turn increases the release of insulin. Repaglinide and Nateglinide are examples of glinides (Lv et al., 

2020). Renal failure patients can also utilise repaglinide. Patients with a glomerular filtration rate of 

20–40 ml/min can get it in low doses (Perkovic et al., 2019). Glinides and sulfonylureas have different 
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structures, they both act on different β-cell receptors to increase insulin production. Sulfonylureas, 

however, have a shorter duration of action than Glinides (Giaccari et al., 2021). Glinides are rapid-

acting prandial glucose regulators and have the ability to effectively reduce post-prandial 

hyperglycaemia when taken with meals (Levetan, 2007). Repaglinide and nateglinide both decreased 

HbA1c levels in individuals with T2D, according to a Cochrane analysis of 15 studies that evaluated 

the effects of glinides (Black et al., 2007). HbA1c decreased by 0.1% to 2.1% with repaglinide and by 

0.2% to 0.6% with nateglinide. The efficacy of Repaglinide in reducing HbA1c levels was comparable 

to that of metformin (Black et al., 2007). Compared to metformin monotherapy, combination treatment 

with glinides may enhance glycaemic control (Yin et al., 2014). Hypoglycaemia is among the main 

issues surrounding the usage of glinides. However, this mild to moderate in most cases and don't call 

for help. Nevertheless, glucose monitoring is crucial from the start of treatment until safety is confirmed 

(Guardado-Mendoza et al., 2013). 

 

α-glucosidase inhibitors  

α-glucosidase inhibitors function by delaying the small intestine's breakdown and absorption of 

carbohydrate, which suppresses the rise in blood glucose levels following meals. They inhibit 

carbohydrate absorption by blocking the breakdown of polysaccharides into monosaccharides by 

digestive enzymes in the small intestine (Akmal et al., 2024). There are three common types of α-

glucosidase inhibitors namely, acarbose, miglitol, and voglibose. These inhibitors can be derived from 

medicinal plants, microbes (including bacteria and fungi), or synthesized chemically (Chougale et al., 

2009). They are weakly effective but can provide glycaemic control without weight gain. Also, they do 

not cause hypoglycaemia and may prevent the progression of diabetes in prediabetics. Adverse 

consequences may include bloating, diarrhoea, abdominal pain, rare hepatotoxicity, and iron deficiency 

(Dash et al., 2018). Although they do not cause hypoglycaemia in monotherapy, they may lead to 

hypoglycaemia when used in combination with sulfonylurea, glinide, or insulin. The main 

contraindications of α-glucosidase inhibitors include conditions such as malabsorption, partial 

dehydration, inflammatory bowel illness, and chronic ulceration intestinal obstruction, cirrhosis, 

pregnancy, and lactation (Hossain et al., 2020). 

 

Insulin and incretin mimetics  

Incretin-effective drugs and dipeptidyl peptidase 4 inhibitors  

Incretins are metabolic hormones secreted postprandially by L-cells of the small intestine to enhance 

insulin secretion from pancreatic β-cells (Hansen et al., 2010). These hormones are secreted after a meal 

intake. Glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) are 
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two key incretin hormones promotes the production of insulin and prevent the release of glucagon, 

which helps to reduce blood sugar levels (Saini et al., 2023). These hormones can be degraded by an 

enzyme called dipeptidyl peptidase 4 (DPP4). DPP4 inhibitors work by inhibiting the activity of the 

DPP4 enzyme, thereby prolonging the action of GLP-1 and GIP (Gilbert et al., 2020) Consequently, 

insulin secretion is sustained to lower blood sugar levels and reduces micro and macrovascular activities 

(Gilbert et al., 2020; Saini et al., 2023). DPP4 inhibitors belonging to the gliptins class increase insulin 

secretion in a glucose-dependent manner. Sitagliptin, vildagliptin, saxagliptin, linagliptin, and alogliptin 

are drugs in this group. They decrease glucagon secretion. These medications are typically ingested 

orally and can be utilized either on their own or in conjunction with other antidiabetic drugs. DPP4 

inhibitors are generally well-tolerated, have few side effects and can reduce HbA1c by 0.6-1.1% 

(Waugh et al., 2010; Mackin et al., 2022). However, treatment costs are high. In combination with 

insulin, DPP4 inhibitors may contribute to a reduction in insulin requirement, which could indirectly 

contribute to weight loss. Also, they can be used in combination with metformin in elderly patients to 

reduce the risk of hypoglycaemia. DPP4 inhibitors are known to increase islet cell function by 

increasing pancreatic α-cells and β-cells function (Drucker et al., 2006). They do not increase the risk 

of cardiovascular disease (Deacon, 2020). The possible side effects of DPP4 inhibitors are headache, 

nasopharyngitis, upper respiratory tract infection, mild gastrointestinal discomforts acute pancreatitis, 

urinary tract infections, hepatic dysfunction, inflammatory bowel diseases, skin reactions, arthralgia, 

and myalgia (Saini et al., 2023). 

 

Sodium glucose co-transporter-2 (SGLT-2) inhibitors  

Another class of the new-generation oral antidiabetic medications is the class referred to as the sodium-

glucose co-transporter-2 (SGLT-2) inhibitors. By preventing glucose reabsorption in the proximal renal 

tubules, they reduce blood glucose levels in an insulin-independent manner (Davies et al., 2022). They 

can be used in all phases of diabetes since they don't require insulin to function (Heerspink et al., 2020; 

Mende et al., 2022; Davies et al., 2022). Due to their ability to eliminate excess glucose and slow down 

the course of kidney damage in diabetic patients, SGLT-2 inhibitors are associated with weight 

reduction, which is one of their main benefits (Ding et al., 2022). SGLT-2 inhibitors cause the kidneys 

to eliminate glucose, which lowers calories and causes weight loss to occur. The body may remove 60–

100 g of glucose per day in a glucose-dependent manner (Pereira et al., 2019). SGLT-2 inhibitors may 

decrease the risk of heart failure and cardiovascular events (Belancic et al., 2023). SGLT-2 inhibitors 

may also exert anti-hypertensive effects and contribute to cardiovascular protection by a variety of 

mechanisms, including lowering uric acid levels, reducing body weight, diuresis and natriuresis, 

ketogenesis, etc. (Kario et al., 2020). Moreover, these medications can lower diastolic and systolic blood 

pressures by 1.46 mmHg 2.46 mmHg, respectively (Mazidi et al., 2017). An example of an SGLT-2 
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inhibitor is Bexagliflozin, a highly specific and potent SGLT-2 inhibitor (Zhang et al., 2011; Azzam et 

al., 2021). The most common adverse reactions of SGLT-2 inhibitors are genitourinary infections and 

ketoacidosis, as well as off-target adverse responses, such as fracture, lower limb amputation risk, and 

tumours (Ni et al., 2020). 

 

Amylin analogues  

Amylin is a hormone that delays the emptying of the stomach and suppresses glucagon secretion and 

food intake, thereby controlling the rate of glucose release into the circulation (Padhi et al., 2020). 

Amylin analogues are a class of chemical analogues developed to mimic the action of human amylin 

since the hormone is deficient in diabetic patients (Bower et al., 2016). Pramlintide is a synthetic 

analogue of amylin that is not associated with any major long-term side effects but shows mild to 

moderate adverse reactions including nausea and vomiting, headache, anorexia, reduced appetite, and 

hypoglycaemia (Ryan et al., 2009, Hieronymus & Griffin, 2015). 

Although there have been advancements in pharmacological therapies for the management of diabetes 

and its associated issues over the past decade, high morbidity and mortality rates are still being reported. 

Synthetic medications are the commonly used therapeutic approaches but come with high costs and 

detrimental side effects (Chaudhury et al., 2017). In South Africa, the low-to-middle-class population 

bears this burden, since they frequently find it difficult to pay for high-quality healthcare. (Mayosi et 

al., 2009; Mutyambizi et al., 2020). Moreover, the ability of these synthetic drugs to suppress oxidative 

stress and mitigate its influence in diabetic complications may not be as potent as natural and/or dietary 

antioxidants like polyphenols. Hence, both the high- and medium- to low-income population are 

beginning to explore fruits, vegetables, and traditional plant-based remedies to prevent and manage 

long-term, non-communicable illnesses including diabetes and heart problems due to their rich 

antioxidant constituents (Mothibe et al., 2019). 

Natural antioxidants found in fruits can reduce oxidative stress and slow the development of associated 

metabolic and cardiovascular diseases (Wallace et al., 2020). According to recent studies, non-edible 

wastes from many fruits, such as fruit peels, seeds, husks, etc. contain valuable nutrients and bioactive 

substances, such as polyphenols, carotenoids, dietary fibres, vitamins, peptides ( Aqilah et al., 2023). 

In some instances, they contain a higher concentration of some known bioactive phenolics than the 

corresponding edible portions of the fruits (Rafiq et al., 2018; Esparza et al., 2020 ), which could be of 

medicinal relevance if they are explored as sources of therapeutic agents (Chukwuma, 2024). 
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2.9 Fruit wastes as potential sources of bioactive phytochemicals 

Fruit and vegetable companies produce significant amounts of waste, such as peels (25-30%), seeds, 

skins, shells, pods, cores, pulp, pomace, etc. (Rifina et al., 2021). Fruit waste can be turned into high-

value commodities through recycling and resource recovery, in line with the "circular economy" 

concept. Resource recovery is essential to effectively explore the medicinal properties of fruit waste. 

Figure 2.6 depicts the recovery process of the bioactive compounds in fruit wastes and their health-

related applications. 

Research has demonstrated that a considerable amount of essential nutrients and phytochemicals are 

present in the peels, seeds, and other parts of fruits that are usually discarded. Bioactive substances such 

as vitamin C with phytochemical substances such as carotenoids, phenolic acids, flavonoids, and 

anthocyanins (Barros et al., 2019; Kurek et al., 2019). The documented pharmacological potentials of 

fruit wastes include antioxidant, anti-diabetic, tissue-protective, anti-hypertensive, anti-dyslipidaemia, 

anti-obesogenic anti-cancer properties, etc., which are highlighted in Table 2.2. 

 

 

Figure 2.6: Recovery and applications of bioactive chemicals from fruit wastes (Nirmal et al., 2023). 
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Table 2.2: In vitro antioxidant and glycaemic control potential and phytochemical profile of wastes 

from fruits. 

Fruit 

scientific 

name 

(common 

name) 

Taxonomic 

family 

Parts 

used 

Pharmacologica

l action 

Phytochemical profile of 

extract (Method of 

analysis) 

References 

Prunus 

domestica L. 

(European 

plum) 

Rosaceae Pomace 

and peel 

• Fe3+ reducing 

antioxidant 

activity 

• ABTS radical 

scavenging 

activity 

• DPPH radical 

scavenging 

activity 

 

 

Neochlorogenic acid, 

chlorogenic acid, 4-p-

coumaroylquinic acid, 

quercetin-3-O-rutinoside, 

isorhamnetin-3-O-

glucoside, kaempferol 

derivatives, cyanidin-3-

O-glucoside, cyanidin-3-

O-rutinoside and 

peonidin-3-O-rutinoside 

(LC-PDA-MS) 

Michalska 

et al., 2019, 

Dulf et al., 

2016 

Punica 

granatum L. 

(Pomegranate

) 

Lythraceae Peel • Fe3+ reducing 

antioxidant 

activity 

• NO radical 

scavenging 

activity 

• α-Amylase 

inhibitory 

activity 

• DPPH radical 

scavenging 

activity 

• Inhibited 

glucose-

induced protein 

glycation 

• Modulated 

glucose uptake 

or utilization in 

Gallic acid, vanillic acid, 

caffeic acid, epicatechin, 

vanillin, ferulic acid, and 

quercetin 

(HPLC) 

Chukwuma 

et al., 2020 
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Chang liver 

cells 

Prunus 

salicina 

Lindl. 

(Japanese 

plum) 

Rosaceae Peel • Oxygen and 

DPPH radicals 

scavenging 

activity 

Cyanidin, neochlorogenic 

acid, rutinoside and 

quercetin (HPLC-UV) 

de Beer et 

al., 2012 

Citrullus 

lanatus 

(Thunb.) 

Matsum. 

&Nakai 

(Watermelon) 

Cucurbitaceae Peel • Fe3+ reducing 

antioxidant 

activities 

• ABTS radical 

scavenging 

activity 

• α-Amylase and 

α-glucosidase 

inhibitory 

activity 

• DPPH radical 

scavenging 

activity 

Dihydroferulic acid 4-

sulfate, isolariciresinol 9-

O-beta-D-glucoside, citric 

acid, gingerol and 

curcumenol (LC-QTOF-

MS) Citrulline, 

flavonoids, saponin, 

tannins and alkaloids 

Akshaya et 

al., 2018, 

Jibril et al., 

2019, 

Francis et 

al., 2018 

Ananas 

comosus L. 

(Pineapple) 

 

Bromeliaceae Peel • DPPH radical 

scavenging 

activity 

• Inhibited NO 

activity 

• α-Glucosidase 

inhibitory 

activity 

Ferulic acid, gallic acid, 

epicatechin, syringic acid, 

phenylacetic acid, 

malonic acid, succinic 

acid,  glyceric acid, 

glucaric acid   (1H NMR 

spectra) 

Azizan et 

al., 2020, 

Erukainure 

et al., 2011 

 

Malus 

domestica 

(Suckow) 

Borkh. 

(Apple)  

Rosaceae Seed and 

peel                  

• ABTS and 

DPPH radicals 

scavenging   

activity 

Chlorogenic acid, p-

coumaryl-quinic acid, (+) 

catechin, (-)epicatechin, 

procyanidin B2, 

procyanidin B1, 

procyanidin C1, phloretin 

Duda-

Chodak              

et al., 2011; 

Henríquez 

et al.,    2010 
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  • F3+ reducing 

antioxidant 

power 

xyloglucoside, phloridzin,  

quercetin glycosides, 

cyanidin-3-galactoside    

(HPLC)                

Mangifera 

Indica L.    

(Mango) 

 

Anacardiaceae Peel • α-Amylase and 

α-glucosidase 

inhibitory 

activity 

• Scavenged OH- 

and Inhibit  O2
- 

 

Gallic acid, 

protocatechuic acid, 

chlorogenic acid, ferulic 

acid (LC-MS) 

Gondi et al., 

2015, Jiang 

et al., 2010 

 

 

Carica 

papaya L. 

(Pawpaw) 

 

 

Caricaceae Peel and 

seed 

• DPPH and 

ABTS radical 

scavenging 

activity                         

• Fe2+ and FeCl3 

reducing 

antioxidant 

activity 

 Ang et al., 

2012; 

Egbuonu, 

2017 

 

Vitis vinifera 

L.      

(Grapes) 

  

  

  

  

Vitaceae 

 

Seed • Inhibited both 

salivary and 

pancreatic α-

amylases  

• Epigallocatechin, 

epicatechin gallate, 

catechin-phloroglucinol, 

epicatechin-

phloroglucinol, 

epigallocatechin- 

phloroglucinol 

(Reversed-phase HPLC) 

• Petunidin-3-O-

glucoside, peonidin-3-

O-glucoside, malvidin-

3-O glucoside, 

peonidin-3-O acetyl 

glucoside, malvidin-3-

O-acetylglucoside 

(HPLCDAD- MS 

analysis) 

Fernández  

and Labra, 

2013; Kato-

Schwartz            

et al., 2020; 

Kadouh et 

al., 2016 
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• Gallic acid, caffeic acid, 

p-coumaric acid, rutin, 

quercetin 3-O-

glucoside, myricetin, 

resveratrol, kaempferol 

(HPLC) 

Citrus 

sinensis (L.) 

Osbeck       

(Grapefruit) 

  

 

  

 

  

Rutaceae

  

Peel • F3+ reducing 

antioxidant 

potentials 

• α-Amylase and 

α-glucosidase 

inhibitory 

activity 

• ABTS and 

DPPH radicals 

scavenging    

activity                                      

Isonaringin, naringin, 

hesperidin, 

neohesperidin, 

naringenin, hesperetin, 

isosinensetin, sinensetin, 

nobiletin, tangeretin 

(HPLC-DAD-ESI-MS) 

Oboh et al., 

2010; 

Alrasheid et 

al., 2019; 

Castro-

Vazquez         

et al., 2016 

Prunus 

persica (L.) 

Siebold & 

Zucc. 1845 

(Peaches)

  

  

Rosaceae Peel • α-Glucosidase 

inhibitory 

activity 

• F3+ reducing 

antioxidant 

power 

• DPPH and 

ABTS radicals 

scavenging 

activity 

 

Procyanidin C1, 

Procyanidin  B1, 

Epicatechin-epicatechin-

epicatechin,  procyanidin 

dimer, procyanidin trimer 

isomer 2, procyanidin 

trimer isomer 1, 8,8’-

methylenebiscatechin, 

procyanidin B2, catechin,  

phloridzin,  naringenin,  

neochlorogenic acid,  3-

O-feruloylquinic acid, 

caffeoylquinic acid,  

chlorogenic acid (UPLC-

Q-TOF/MS) 

Zhang et al., 

2020, 

Suleria et 

al., 2020 

Litchi 

Chinensis 

Sonn. (Litchi)  

 

Sapindaceae Seed and 

peel 

• α-Amylase and 

α-glucosidase 

inhibitory 

activity 

Procyanidin A1, A2, B1 

and B2, epicatechin, 

quercetin, rutin, phlorizin, 

cinnamtannin B1 and B2, 

Li et al., 

2012; Jiang 

et al., 2013; 
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• ABTS and 

DPPH radicals 

scavenging    

activity 

aesculitannin C and 

cyanidin-3-glucoside, 

epicatechin gallate, 

epigallocatechin gallate 

Yao et al., 

2021 

Persea 

Americana            

Mill.      

(Avocado)

  

  

Luraceae Peel and 

seed 

• α-Amylase and 

α-glucosidase 

inhibitory 

activity 

• Nitric oxide 

(NO) radical 

scavenging 

ability 

• ABTS radicals 

scavenging   

activity 

Syringic acid, eugenol, 

vanillic acid, guaiacol, 

kaemferol, catechin, p-

hydroxybenzoic acid,  

ferulic acid, apigenin, 

naringenin, 

epigallocatechin, 

epicatechin, lupeol (GC) 

 

Oboh et al., 

2013; Oboh 

et al., 2014 

 

 

Polyphenols are naturally occurring organic compounds composed of phenol units. They are abundant 

in plants and, thus are important secondary metabolites of plants with a broad range of biological effects 

(Prabhu et al., 2021). The major classes of polyphenols include flavonoids, polyphenolic amides, 

lignans, stibines, and phenolic acid. The flavonoids include flavonols, isoflavones, flavanones, 

anthocyanins, and proanthocyanins (Mehra et al., 2020; Baniwal et al., 2021). Clinical trial data indicate 

the efficacy of polyphenols in the pretreatment and prevention of a wide range of chronic illnesses, such 

as cancer, type 2 diabetes, degenerative diseases, anti-inflammatory, antioxidative, cardiovascular, 

immune-related, osteoporosis, and other neurodegenerative diseases (Behl et al., 2020). They assist in 

the secretion of insulin, which helps maintain the blood glucose level and increase glucose tolerance 

and insulin sensitivity (Behl et al., 2020). The consumption of a polyphenol-rich diet could reduce LDL-

cholesterol, and total cholesterol levels, which ultimately control the blood pressure level (Tresserra-

Rimbau et al., 2017). 

Flavonoids are a main group of the plant-based metabolites of polyphenolic compounds. The structural 

composition of flavonoids is 15- carbon atoms, comprising of 2 aromatic rings linked by a 3-carbon-

atom chain (Harborne, 2013). Flavonoids can be divided into several categories depending upon the C 

ring to which the B ring is attached, its configuration, and oxidation of the C ring. The different 

categories of flavonoids include flavones (chrysin, apigenin, baicalein), flavonols (quercetin, 

kaempferol), isoflavones (daidzein, glycitein), flavan-3-ols (gallocatechin, catechin, epicatechin), 

flavanones (hesperetin, naringenin) and anthocyanidins (delphinidin, peonidin, cyanidin, pelargonidin) 
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(Rasouli et al., 2017; Singla et al., 2019). Flavonols and flavones are the largest subgroups of 

polyphenols among all flavonoids and are the main components of flavonoids (Zhang et al., 2021). 

Flavonoids are powerful antioxidant that can improve the body’s antioxidant status due to their free 

radical scavenging properties (Brglez et al., 2016). More evidence has shown that flavonoids may also 

potentiate anti-inflammatory effect, prevent and control obesity,  and improve hepatic lipid metabolism 

(Wen et al., 2021). For this study, we shall be exploring the medicinal phytochemistry of peel from 

avocado (Persea americana Mill.) and litchi (Litchi chinensis Sonn.) fruits due to the documented 

ethnomedicinal and diabetes and oxidative stress-related pharmacological properties of the wastes from 

these fruits (Oboh et al., 2016; Araujo et al., 2021; Chukwuma et al., 2021). 

 

2.10 Avocado (Persea americana Mill.) 

Avocado (Persea americana Mill.)  is an evergreen tree species and the most economically important 

species of the Lauraceae family (Araújo et al., 2018). The avocado fruit is a berry with a single large 

seed and a highly variable species (Cowan et al., 2016) (Figure 2.7). It is classified within the 

genus Persea and subgenus Persea. The fruit is widely cultivated in tropical and subtropical climates 

worldwide and consists of numerous hybrids or varieties, including the Hass, Fuerte, Reed, and 

Colinred, varieties. The Hass and Fuerte varieties are among the most consumed varieties (Rodríguez-

Carpena et al., 2011; Bost et al., 2011). The avocado fruit is well-known for its high nutritional value, 

unique taste, and healthy oil, which has been associated with the compounds present in the lipid fraction, 

such as omega fatty acids, phytosterols, tocopherols, and squalene (Maz et al., 2014). 

 

Figure 2.7: Avocado fruit and its different parts (Magwaza et al., 2015). 

Avocado contains polyphenolic compounds that have antioxidant effects and thus could prevent or delay 

the development of degenerative diseases (Alkhalaf et al., 2019). Sugars present in avocados, such as 
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mannoheptulose and perseitol have been linked to the production of antimicrobial peptides, such as 

human β-defensin 2 (HBD-2), and the modulation of the proinflammatory response induced by 

lipopolysaccharide (LPS). It has also been reported that these sugars regulate the invasion of the yeast 

Malassezia furfur in keratinocyte cultures (human epidermal cells) (Donnarumma et al., 2007). 

Avocados are notable for their potassium content (>500 mg/100 g of fresh weight), potassium intake 

helps to maintain cardiovascular health and myocardial function by regulating blood pressure. In 

addition, potassium regulates the electrolyte balance in the body, which is important for the conduction 

of electrical signals in the heart (Dreher et al., 2013). The high potassium and low sodium contents in 

the diet are shown to protect against cardiovascular diseases (Cowan et al., 2016). Nonetheless, phenolic 

compounds and other antioxidant molecules have also been reported in avocado fruit, which influences 

the antioxidant benefits of the fruit. 

 

2.10.1 Antioxidant and phytochemical profile of avocado fruit 

The Hass cultivar is the most explored avocado variety in terms of its antioxidant properties, which can 

perhaps be attributed to the popularity and easier availability of this variety. It is evident from the studies 

performed so far that phenolic compounds (including phenolic and hydroxycinnamic acids, flavonoids, 

and condensed tannins), carotenoids, α, β, γ, and δ-tocopherols, acetogenins, monounsaturated and 

polyunsaturated fatty acids are some of the antioxidants found in avocado (Boyadzhieva et al., 2018a; 

Boyadzhieva et al., 2018b; Lyu et al., 2023). Moreover, most of these studies have reported significant 

positive correlations between the phenolic compounds and the antioxidant capacity of avocado extracts 

(Boyadzhieva et al., 2018a; Boyadzhieva et al., 2018b). Phenolic compounds found in avocados were 

shown to reduce oxidation, inflammation, and platelet aggregation (Dreher et al., 2013). Several studies 

have reported that different parts of the avocado fruit contain potent phenolic antioxidants such as 

chlorogenic-, quinic-, succinic-, pantothenic-, abscisic-, ferulic-, gallic-, sinapinic-, p-coumaric-, 

gentisic-, protocatechuic-, 4-hydroxybenzoic-, and benzoic- acids, quercetin, quercetin-3-glucoside, 

quercetin-3-rhamnoside, vanillin, p-coumaroyl-D-glucose, catechins, (−)-epicatechin, and procyanid 

(Stefano et al., 2017; Tremocoldi et al., 2018, Santana et al., 2019;). Table 2.3 presents the  antioxidant 

and phytochemical constituents of avocado fruit. 

Table 2.3: In vitro antioxidant and phytochemical constituents of avocado fruit. 

Part 

Studied 

Types of 

Extract 

Pharmacological 

action 

Antioxidant 

constituents 

References 

Pulp 

  

Expeller 

pressed oils

  

• ABTS radical 

scavenging activity 

 Santana et al., 

2019 
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Seed and 

seed coat 

Accelerated 

solvent 

extraction 

• ABTS and DPPH 

radical scavenging 

activity 

• Oxygen radical 

absorbance capacity 

Condensed tannins, 

phenolic acids, and 

flavonoids 

Figueroa et al., 

2018 

Seed 

 

 

  

Methanol and 

50% (v/v) 

ethanol 

• ABTS and DPPH 

radical scavenging 

activity 

• Oxygen radical 

absorbance capacity 

• Methoxy radical 

scavenging activity 

• Fe3+ reducing 

antioxidant activity 

Chlorogenic acid, 

(−)−epicatechin, 

catechins and 

procyanidins 

Segovia et al., 

2018 

Seed 

  

Aqueous 

extract 

• Oxygen radical 

absorbance capacity 

Epicatechin and 

chlorogenic acid 

Calderón-Oliver et 

al., 2016 

Pulp and 

seed 

 

 

 

  

Different 

solvents for 

different assays 

• DPPH radical 

scavenging activity 

Carotenoids, 

phenolic 

compounds, 

flavonoids, vitamin 

C, and tocopheryl 

acetate 

Vinha et al., 2013 

Pulp 

 

 

  

Aqueous and 

ethanolic 

• DPPH radical 

scavenging activity 

• Fe3+ reducing 

antioxidant activity 

Positive correlations 

between FRAP and 

total phenolics, 

DPPH, and total 

phenolics 

Wang et al., 2012 

Pulp 

 

 

  

Hydrophilic 

and lipophilic 

extracts 

• ABTS and DPPH 

radical scavenging 

activity 

• Oxygen radical 

absorbance capacity 

A positive 

correlation was 

observed between 

radical scavenging 

and palmitoleic, 

oleic, linoleic, and 

α-linolenic acids. 

Villa-Rodríguez et 

al., 2011 
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Pulp 

 

  

Tetrahydrofuran • DPPH radical 

scavenging activity 

A slight positive 

correlation against 

stearic acid content. 

Plaza et al., 2009 

Pulp and 

seed 

Freeze-dried 

samples 

• Fe3+ reducing 

antioxidant activity 

Vitamin C, 

anthocyanin, and C7 

sugars. 

Bertling et al., 

2007 

Seed 

 

 

  

80% (v/v) 

ethanol with 

ultrasonic 

extraction 

• ABTS and DPPH 

radical scavenging 

activity 

• Fe3+ reducing 

antioxidant activity 

Procyanidin B2 and 

epicatechin, trans-5-

O-caffeoyl-D-quinic 

acid, procyanidin B1 

and catechin 

Tremocoldi et al., 

2018 

Pulp and 

seed 

 

 

  

Ethyl acetate, 

70% (v/v) 

acetone, and 

70% (v/v) 

methanol 

• ABTS and DPPH 

radical scavenging 

activity 

• Cupric ion reducing 

antioxidant capacity 

Catechins, 

procyanidins, 

hydroxycinnamic 

acids and 

hydroxybenzoic 

acids 

Rodriguez-

Carpena et al., 

2011 

Seed 

 

  

80% (v/v) 

methanol 

• ABTS and DPPH 

radical scavenging 

activity 

• Oxygen radical 

absorbance capacity 

Flavanol monomers, 

proanthocyanidins, 

hydroxycinnamic 

acids and flavonol 

glycosides 

Kosi ´nska et al., 

2012 

Adopted from Bhuyan, et al., 2019 

Furthermore, reported studies suggest that avocado fruit may have glycaemic control, anti-obesogenic, 

and blood lipid regulatory potentials. Avocado phytosterols were found to inhibit cholesterol absorption 

and synthesis by mimicking its molecular structure, which resulted in lowered total cholesterol levels 

in the body (Pieterse et al., 2005). In a randomized controlled trial. obese patients consuming low-, 

moderate- and high-fat diet meals containing avocado fruit showed decreased total and LDL cholesterol 

levels (Wang et al., 2015). It has also been documented that including avocado in meals could reduce 

the risk of vascular damage and heart disease (Fulgoni et al., 2013). A large amount of indigestible 

carbohydrates have been found in avocados, which are linked to blood glucose and cholesterol 

regulation (Pahua-Ramos et al., 2012). Avocado oil has been shown to have a positive effect on 

metabolic syndrome. In fructose-fed rats,  It reduced inflammatory events and exhibited positive results 

in the biochemical indicators, including reducing triglycerides and LDL levels (Carvajal-Zarrabal et al., 

2014). 
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While avocado fruit may possess metabolic and antioxidant medicinal benefits, documented evidence 

has shown the peel also contains bioactive and antioxidant compounds, which could be of medicinal 

relevance. The peel contains secondary metabolites like flavonoids, tannins, and anthocyanins, which 

influence its documented antioxidative, antimicrobial, anticancer, anti-hypertensive, and anti-

inflammatory properties (Morais et al., 2015; Katja et al., 2019; Araujo et al., 2021). 

 

2.10.2 Antioxidant potential and phytochemical profile of Avocado fruit peel 

Avocado peel accounts for around 18% of the total fresh weight of the fruit (Figueroa et al., 2018; 

Tremocoldi et al., 2018). Phenolics present in the peel have been linked with multiple health benefits, 

such as antitumor, anti-aging, antidiabetic, antioxidant, and anti-inflammatory properties (Ahangarpour 

et al., 2019; Saavedra et al., 2017). It has been documented that the peel of avocado possesses higher 

total phenolic content, radical scavenging capacity, and antioxidant activity than the edible pulp, 

suggesting that the peel could be promising source of antioxidant phenolics  (Figueroa et al., 2018). 

More than 30 distinct phenolic compounds and polymeric compounds (hydroxycinnamic acids, 

flavonols, and flavan-3-ols) are present in avocado peels. Quinic acid, a notable hydroxycinnamic acid 

found in avocado peels, which are precursors of 5-O-caffeoylquinic acid or chlorogenic acid (Akan, 

2021), a phenolic acid with anti-hyperglycaemic property and a remarkable DPPH radical scavenger 

capacity (Karasawa and Mohan, 2018; Ahangarpour et al., 2019). Quercetin derivatives make up the 

majority of the flavonols found in avocado peels according to studies by Lopez-Cobo et al. (2016) and 

Melgar et al. (2018). The peel has also been shown to contain A-type procyanidins and flavan-3-ols 

(epi)catechin derivatives, which are important factors influencing the peel's antioxidant qualities 

(Tremocoldi et al., 2018; Rodríguez-Martínez et al., 2021; Lyu et al., 2023). Several studies have 

consistently reported the antioxidant potential of avocado peel, which was stronger than that of the seed 

and the pulp (Rodríguez-Martínez et al., 2021; Rahman et al., 2022; Ferreira et al., 2022; Lyu et al., 

2023). The recovery of bioactive products from avocado peel may lead to the discovery of therapeutic 

agents, which can foster its therapeutic applications (Kosińska et al., 2012). 

 

2.11 Litchi (Litchi chinensis Sonn.) 

Litchi chinensis Sonn. (also known as Chinese cherry, lychee nut, leechee, Lichee, Litchi, Lychee, 

Mountain Lychee, and Water Lychee) is a fruit tree belonging to the Sapindaceae family (Queiroz et al., 

2018). It is a tropical and subtropical fruit with a delicious taste and sweet odour of rose. It has an oval 

shape with a rough pink to red leathery pericarp that surrounds a juicy and fleshy white/translucent aril 

(Figure 2.8). A smooth brown seed is embedded in the fleshy edible aril. Litchi fruit has a high 

commercial value because of its good nutritional value and global consumption. It is present in many 
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countries of Southeast Asia, the Indian subcontinent, Southern Africa, and other tropical or subtropical 

areas (Queiroz et al., 2018). Litchi is found to possess a myriad of bioactive compounds in its seed, 

pulp, and pericarp (Ibrahim et al., 2015). Fresh litchi pulp is mostly consumed as a fruit processed into 

various products, such as canned litchi, litchi wine, litchi beverage (litchi juice), dried litchi, frozen 

litchi, litchi honey, litchi jelly, and so forth (Sarkar et al., 2018). Litchi contains various bioactive 

ingredients, including flavonoids, terpenoids, phenolics, saponins, oils, organic acids, fatty acids, amino 

acids, and minerals, with anti-tumour, hypoglycaemic, antioxidant, and other pharmacological 

properties (Yao et al., 2021; Chukwuma et al., 2021). 

 

Figure 2.8: Litchi fruit showing the (a) seed, (b) pericarp/peel, and (c) edible pulp (Chukwuma et al., 

2021). 

2.11.1 The bioactive potential of litchi fruit in metabolic and oxidative diseases 

Documented evidence has proven that the different parts of litchi fruit possess pharmacological 

potential that could be of medicinal relevance in metabolic and oxidative health. The seed water extract 

exerted hypoglycaemic effect in T2D rats by improving insulin resistance, while concomitantly 

suppressing lipid peroxidation and improving lipid profile (Guo et al., 2004). Furthermore, an important 

oligomeric polyphenol (Oligonol) from litchi has been reported to possess anti-obesogenic potential in 

both experimental animals and humans (Sakurai et al., 2013). Documented reports suggest that litchi 

seed may exert anti-obesogenic effects through several mechanisms, including reducing visceral 

adipose tissue deposition, regulating adipogenesis and lipid accumulation, improving insulin sensitivity 

in adipose tissue, and inhibiting the action of pancreatic lipase (Queiroz et al., 2018; de Almeida et al., 

2018; Qi et al., 2015; Mhatre et al., 2019; Xiang et al., 2022). Studies in 3T3-L1 pre-adipocytes showed 

that litchi seed water extract decreased adipogenesis by inhibiting preadipocyte differentiation, 

attributable to the downregulation of genes involved in adipogenesis (Qi et al., 2015). 

Litchi seed may also contain glycaemic control phenolics and nutrients. Hydroalcoholic extract, isolated 

compounds (including quercetin, pavetannin B2, procyanidin A2, and phlorhizin) and polysaccharide 

isolate of the seed potently inhibited the activity of  α-glucosidase (Ren et al., 2011; 2013; Choi et al., 
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2017; Wu et al., 2020) and protein tyrosine phosphatase 1B (Choi et al., 2017), suggesting that the seed 

may control postprandial blood glucose by suppressing carbohydrate digestion and glucose absorption 

and preserving insulin sensitivity. In high-fat-diet (HFD)/streptozotocin (STZ)-induced diabetic rats, 

polyphenol-rich extracts of litchi seeds alleviated diabetic alterations by reducing fasting blood and 

urine glucose levels, as well as the symptoms of polyuria, polydipsia, and hyperphagia (Li et al., 2015; 

Man et al., 2017). The extract treatment protected against diabetes-induced pancreatic, hepatic, and 

renal pathologies and improved glucose tolerance and insulin resistance by modulating the expressions 

of hepatic Akt, GLUT-4, and PI-3K and downregulating glucagon expression (Li et al., 2015; Man et 

al., 2017). A more recent study has shown that the pulp from the immature fruit scavenged DPPH and 

ABTS radicals and exerted hypoglycaemic effects in Wistar rats (Contreras-Castro et al., 2022). 

A previous review (Chukwuma et al., 2021) has shown that more antidiabetic studies have been 

conducted on the seed of litchi fruit than the peel, warranting the need for more studies to probe the 

antidiabetic potential of the peel. Nonetheless, the few antidiabetic studies that have been conducted 

suggest that the fruit peel has glycaemic control potential. 

 

2.11.2 The bioactive potential of litchi fruit peel in metabolic and oxidative diseases 

The pericarp or peel of litchi fruit is a rich source of flavonoids and anthocyanins, including procyanidin 

B2, B4, epicatechin, cyanidin-3-retinoside, cyanidin-3-glucoside, quercetin-3-retinoside, and quercetin 

3-glucoside (Figure 2.9). These compounds are already established for their high free radical 

scavenging and glycaemic control potentials (Li et al., 2007; Chukwuma et al., 2021). In vitro study 

has shown that hydroalcoholic extracts of litchi peel have mild and strong inhibitory activity on α-

amylase and α-glucosidase, respectively (Tanaka et al., 2024), suggesting its potential to suppress 

postprandial glycemia. 

Furthermore, the in vivo glycaemic control antioxidant potentials of litchi peel and its phytoconstituents 

have also be demonstrated. The peel flour and procyanidin-rich fraction from the peel reduced blood 

glucose and improved blood lipid profile in high-fat-diet-fed rats and mice (Rong et al., 2017; Queiroz 

et al., 2018). A recent study has further shown that litchi peel ethanol extract ameliorated T2D 

pathologies in db/db mice by reducing blood glucose, hepatic gluconeogenesis, oxidative stress, and 

associated inflammatory responses (Yang et al., 2024). Oligonol is an optimized phenolic product 

derived from litchi peel polyphenols containing catechin-type monomers and low-molecular-weight 

oligomers. Administering oligonol-rich extract to diabetic rats reduced blood glucose and enhanced the 

secretion of insulin from β-cells (Park et al., 2018). The extract reduced pancreatic oxidative stress and 

inflammation and improved pancreatic histology, which may partly influence its ability to preserve 

insulin secretion (Park et al., 2018). According to the study of Park et al. (2018), catechin, epicatechin, 

epigallocatechin gallate, and procyanidins A were the major flavonoids identified in the peel’s oligonol-
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rich extract, which could be some of the bioactive compounds influencing the documented antidiabetic 

effects of the extract. Moreover, documented reports have shown that these flavonoids are potent 

metabolic, vascular, and oxidative health-promoting phenolics in tea leaves and several fruits and fruit 

wastes (Fu et al., 2017; Rauf et al., 2019). 
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                                  Phlorizin 

(−)-4α,10β-

aromadendranediol 
  

Figure 2.9: Structures of bioactive compounds in the peel and seed of litchi fruit. 

Furthermore, a more recent antidiabetic study (Chauhan et al., 2021) in alloxan-induced type 1 diabetic 

Wistar rats demonstrated the blood glucose lowering, and antioxidant effect of litchi peel extract, 

suggesting that litchi peel extract possess ameliorative potential against diabetes associated pathologies. 

Table 2.4 summarizes the glycaemic control, antioxidant, and phytochemical profiles of the peel of 

litchi fruit. 

Table 2.4: Glycaemic control, antioxidant, and phytochemical profiles of the peel of litchi fruit. 

Extract/isolate Experimental 

model and 

treatment 

Pharmacological 

effects 

Phytochemistry of 

part, extract, 

fraction, or isolate 

Reference 

Oligonol 

isolated from 

aqueous extract 

10 days oral 

treatment (10 and 

20 mg/kg bw) in 

STZ-induced 

diabetic SD rats 

• Reduced serum 

glucose 

• Increased serum 

and pancreatic 

insulin 

• Increased serum c-

peptide 

Catechin, epicatechin, 

epicatechin gallate, 

epigallocatechin 

gallate, procyanidin 

A1, A2, B1 and B2 

Park et 

al., 2018 

Flour 21 days feeding 

of diet containing 

flour (5 and 

10%) in HCD-

fed male Wistar 

rats 

• Reduced blood 

glucose, weight 

gain, BMI, serum 

TG, TC and 

LDLC 

• Increased HDLC 

Polyphenols, 

flavonoids and 

anthocyanins 

Queiroz et 

al., 2018 

Procyanidin-

rich fraction 

from acetone 

extract 

24 wks oral 

treatment (100 

mg/kg bw) in 

HFD fed ApoE 

KO mice 

• Reduced plasma 

glucose, LDLC, 

TC and TG 

• Reduced % bw of 

mesenteric and 

 Rong et 

al., 2018 
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perirenal adipose 

tissues 

• Reduced aortic 

lesion 

• Reduced aortic 

iNOS activity and 

expression and 

nitric oxide 

production 

• Reduced 

expression of 

NADPH oxidases 

(NOX-2 and 

NOX-4) 

Compounds 

isolated from 

85% ethanol 

extract 

In vitro Scavenged DPPH 

radical and reduced 

Fe3+ 

(+)-Isolariciresinol 9-

O-α-l-

arabinopyranoside, 

burselignan 9-O-α-l-

arabinopyranoside, (-

)-secoisolariciresinol 

and 9-O-α-l-

arabinopyranoside,  

Ma et al., 

2014 

Hydroalcoholic 

extracts 

(enzyme 

assisted 

extraction) 

In vitro Scavenged DPPH 

radical and reduced 

Fe3+ 

Gallic acid, 

procyanidin A2 and 

B2, quercetin, rutin, 

catechin and 

epicatechin 

kessy et 

al., 2018 

Polysaccharide 

extracted by 

microbial 

fermentation 

In vitro • Scavenged DPPH 

radical 

• Reduced oxidative 

DNA damage 

Galactose, xylose, 

rhamnose and 

mannose 

Lin et al., 

2013 

Procyanidins-

rich fraction and 

sub-fraction of 

aqueous extract 

In vitro Scavenged DPPH 

radical and reduced 

Fe3+ 

Catechin, 

proanthocyanidin B2, 

pavetannin B2, 

Litchitannin B1, 

dimers of 

Gong et 

al., 2018 
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proanthocyanidin A, 

trimers of complex 

proanthocyanidin A 

and B, trimers of 

complex 

proanthocyanidin A 

and B and 

procyanidin A2 

Methanol 

extract 

6 wks oral 

treatment (20, 

100 and 200 

mg/kg bw) in 

CCl4-treated 

male ICR mice 

Increased hepatic 

GPx and GR 

activities 

Epicatechin and 

procyanidin A2 

Chen et 

al., 2017a 

Oligonol 

isolated from 

aqueous extract 

10 days oral 

treatment (10 and 

20 mg/kg bw) in 

STZ-induced 

diabetic SD rats 

• Reduced diabetes 

induced elevation 

in the protein 

expression levels 

of pancreatic 

inflammatory 

markers and 

associated 

signalling factors 

• Improved 

diabetes-induced 

histological 

changes in the 

pancreas 

• Reduced serum 

and pancreatic 

ROS production 

and lipid 

peroxidation 

Catechin, epicatechin, 

epicatechin gallate, 

epigallocatechin 

gallate, procyanidin 

A1, A2, B1 and B2 

Park et 

al., 2018 

Resin-purified 

ethanol extract 

5 days oral 

treatment (50, 

100, 200 mg/kg 

• Reduced lipid 

peroxidation in 

myocardial tissue 

procyanidin B2, (-)-

epicatechin, 

epicatechin-(4β → 

Chen et 

al., 2017b 
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bw.) in 

myocardial 

ischemic SD rat 

model 

• Increased SOD 

and GPx activities 

in myocardial 

tissue 

8,2β → O → 7)-

epicatechin-(4β → 8)-

epicatechin, A-type 

procyanidin trimer, B-

type procyanidin 

dimer and 

procyanidin A2 

Abbreviations: “BMI”, body mass index; “GPx”, glutathione peroxidase; “GR”, glutathione reductase; “HDLC”, 

high-density lipoprotein cholesterol; “HFD”, high-fat-diet; “LDLC”, low-density lipoprotein cholesterol; “ROS”, 

reactive oxygen species; “SD”, Sprague Dawley; “SOD”, superoxide dismutase; “STZ”, streptozotocin; “TC”, 

total cholesterol; “TG”, triglyceride. 

 

2.12 Problem Statement 

Diabetes is a notable health problem that is causing a socioeconomic burden in South Africa due to 

mortality and morbidity outcomes, as well as unaffordable healthcare costs in the low to middle-income 

population. Most of the people in the low to middle-income population rely on medicinal plants, 

including fruits and vegetables, because of the minimal toxicity concerns and holistic medicinal profile 

of medicinal plants, which has been attributed to bioactive phenolics in them. Documented evidence 

has shown that most bioactive constituents of many South African fruits are also deposited more in the 

non-edible parts such as the peels, pomace, seeds, etc. Unfortunately, this part of fruits is constantly 

wasted and contributes to a notable percentage of fruit waste generated daily in South Africa. Thus, 

limiting the potential medicinal relevance of fruit wastes, as well as their possible bioeconomic 

importance. Avocado and litchi are popular in South African fruits with documented medicinal and 

phytochemical profiles. Several key bioactive phenolics and flavonoids have been identified in the peel 

of these fruits. While these phenolics and flavonoids may influence the anti-diabetic and antioxidant 

potentials of the peel from these fruits, their pharmacological contributions remain elusive. Studies have 

not adequately correlated the principal phytoconstituents in the peel of these fruits to the corresponding 

antioxidant and glycaemic control bioactivities, which could give more insight into the bioactive 

phytochemistry of peel from these fruits. It is, therefore, imperative to undertake studies that will help 

understand the antidiabetic and antioxidant phytochemistry of peel from these fruits, as this could 

encourage their effective use as a potential therapy for diabetes and associated complications. 
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2.13 Aim and objectives 

Aim 

This study was done to investigate the antidiabetic and antioxidative phytochemistry of the peel of 

avocado and litchi fruit. 

 

Objectives 

The following are the objectives of this study: 

• Subject the peel of fruits to solvent extraction  

• Conduct in vitro anti-oxidative and anti-diabetic bioassay-guided fractionation 

• Isolate and spectrometrically characterize the bioactive principle 

• Subject potent extract(s) to in vivo anti-diabetic and antioxidant assessment. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Litchi fruit peel and solvent extraction 

Litchi (McLean’s Red cultivar) and avocado (Var. Fuerte) fruits were purchased from a local fruit and 

vegetable store in Bloemfontein, South Africa. The fruit was washed with clean water. The peel was 

removed and oven-dried (Model No. 072160, Prolab instrument, Sep Sci., Johannesburg, South Africa) 

at 30 °C. The dried peel was pulverized. Approximately 300 g of the pulverized dried peel was defatted 

with 1.5 liters of hexane and then sequentially extracted using 1.5 liters of dichloromethane (DCM), 

ethyl acetate (EtOAc), methanol (MeOH), and water, in an order of increasing polarity. The extraction 

was done for 48 h at room temperature on an orbital shaker [OrbiShake, Model 262, Labotec 106 (Pty) 

Ltd, Johannesburg, South Africa] set at 125 rpm. The extraction was done twice for each solvent. The 

DCM, EtOAc, and MeOH extracts were concentrated using a Buchi 108 Rotavapor® R-300 [Labotec 

(Pty) Ltd, Johannesburg, South Africa] and dried under a fume hood. The water extract was recovered 

by freeze drying (Martin Christ Alpha 1-2 LDplus Freeze Dryer 110, Separations, Johannesburg, South 

Africa). The extracts were weighed, transferred into clean screw-cap vials, and stored at -20 °C. 

 

3.2 Screening the phenolic, flavonoid, antioxidant and glycaemic control properties of 

extracts 

The extracts were screened at a concentration of 55 µg/mL. The total phenol and flavonoid contents 

were measured using previously described methods (Chukwuma et al., 2020). 

 

3.2.1 Total phenol content estimation 

Into a 96-well clear bottom plate containing 25 μL of the extracts or gallic acid (Merck, Johannesburg, 

South Africa) standard solutions (3.75 to 120 μg/mL final assay concentrations), 125 μL of 10x diluted 

Folin–Ciocalteu reagent (Merck, Johannesburg, South Africa) was aliquoted. Into the mixture, 100 μL 

of 0.7 M Na2CO3 was added. The plate was left to stand for 30 min at room temperature. Thereafter, the 

optical density was recorded at 765 nm using a SpectraMax iD3 multi-mode microplate reader 

(Molecular Devices, San Jose, USA). The absorbances were blanked using those of the sample blanks 

or the solvent blanks. The total phenol content was computed from a gallic acid standard curve (y = 

0.0775x; R² = 0.9999) of concentration (µg/mL) versus the corresponding absorbances at 765 nm as 

follows: 
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Total phenol content (mg/g GAE) =
C x SV

M
 

Where, “C” is the concentration (mg/mL) extrapolated from gallic acid standard curve; “SV” is the 

sample volume (mL), and “M” is the amount (g) of the sample in the “SV” (mL) of the sample solution; 

“GAE” means gallic acid equivalent. 

 

3.2.2 Total flavonoid content estimation 

Into a 96-well clear bottom plate containing 20 μL of the extracts or quercetin (Merck, Johannesburg, 

South Africa) standard solutions (3.75 to 120 μg/mL final assay concentrations), 80 μL of  98% ethanol 

was aliquoted was aliquoted. Into the mixture, 100 μL of 2% AlCl3 was added. The plate was left to 

stand for 1 h at room temperature. Thereafter, the optical density was recorded at 430 nm. The 

absorbances were blanked using those of the sample blanks or the solvent blanks. The total flavonoid 

content was computed from a quercetin standard curve (y = 0.0346x; R² = 0.9969) of concentration 

(µg/mL) versus the corresponding absorbances at 430 nm as follows: 

Total flavonoid content (mg/g QE) =
C x SV

M
 

Where, “C” is the concentration (mg/mL) extrapolated from quercetin standard curve; “SV” is the 

sample volume (mL), and “M” is the amount (g) of the sample in the “SV” (mL) of the sample solution; 

“QE” means quercetin equivalent. 

For the antioxidant screening, the Fe3+ reducing (FRAP), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2'-

azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and nitric oxide (NO) radicals scavenging 

and anti-linoleic acid peroxidative models were used. These were performed according to the protocols 

reported previously (Chukwuma et al., 2020; Motloung et al., 2020; Mashile et al., 2020) 

 

3.2.3 Ferric (Fe3+) antioxidant capacity measurement 

Into a 96-well clear bottom plate containing 25 μL of the extracts or the positive controls (ascorbic acid 

and Trolox; Merck, Johannesburg, South Africa) or gallic acid standard solutions (3.75 to 120 μg/mL 

final assay concentrations), 25 μL each of 0.2 M phosphate buffer (pH, 6.6) and 1% potassium 

ferricyanide solutions was added. The plate was left to stand for 20 min at 50 °C. Next, 25 μL of 10% 

trichloroacetic acid solution, 100 μL of distilled water and 50 μL of 0.1% FeCl3 solution were added, 

consecutively. Immediately, the optical density was recorded at 700 nm. The absorbances were blanked 

using those of the sample blanks or the solvent blanks. The Fe3+ reducing capacity was computed from 
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a gallic acid standard curve (y = 0.037x – 0.0047; R² = 1) of concentration (µg/mL) versus the 

corresponding absorbances at 700 nm as follows: 

Total phenol content (mg/g GAE) =
C x SV

M
 

Where, “C” is the concentration (mg/mL) extrapolated from gallic acid standard curve; “SV” is the 

sample volume (mL), and “M” is the amount (g) of the sample in the “SV” (mL) of the sample solution; 

“GAE” means gallic acid equivalent. 

 

3.2.4 DPPH radical scavenging capacity measurement 

Into a 96-well clear bottom plate containing 75 μL of the extracts or the positive controls (ascorbic acid 

and Trolox) or the solvent (control), 37.5 μL of a 0.3 mM DPPH solution was added. The plate was left 

to stand for 30 min in the dark at temperature. Immediately, the optical density was recorded at 517 nm. 

The absorbances were blanked using those of the sample blanks or the solvent blanks. The radical 

scavenging activity was computed as follows: 

Scavenging activity  (%) =  
Absorbance of control − Absorbance of test

Absorbance of control
     x  100    

 

3.2.5 ABTS radical scavenging capacity measurement 

The ABTS radical was generated by mixing and incubating equal volumes of 7 mM ABTS and 2.4 mM 

potassium persulfate solutions in the dark for 12 – 16 hours at room temperature. Thereafter, the mixture 

was diluted 5 times with methanol. Into a 96-well clear bottom plate containing 50 μL of the extracts 

or the positive controls (ascorbic acid and Trolox) or the solvent (control), 125 μL of the diluted ABTS 

radical solution was added. The plate was left to stand for 15 min in the dark at temperature. 

Immediately, the optical density was recorded at 734 nm. The absorbances were blanked using those of 

the sample blanks or the solvent blanks. The radical scavenging activity was computed as follows: 

Scavenging activity  (%) =  
Absorbance of control − Absorbance of test

Absorbance of control
     x  100    

 

3.2.6 Nitric oxide (NO) radical scavenging capacity measurement 

Into a 96-well clear bottom plate containing 75 μL of the extracts or the positive controls (ascorbic acid 

and Trolox) or the solvent (control), 75 μL of sodium nitroprusside (10 mM in 50 mM of phosphate 

buffer, pH 7.4; Merck, Johannesburg, South Africa) was added. The plate was left to stand for 2 h in the 
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dark at 37 °C. Next, 75 μL of Greiss reagent (Merck, Johannesburg, South Africa) was added. 

Immediately, the optical density at 546 nm was used to estimate the formation of NO2. The absorbances 

were blanked using those of the sample blanks or the solvent blanks. The radical scavenging activity 

was computed as the inhibition NO2 formation using the following formula: 

Scavenging activity  (%) =  
Absorbance of control − Absorbance of test

Absorbance of control
     x  100    

 

3.2.7 Measurement of linoleic acid peroxidation inhibition 

Into screw-cap vials containing 30 μL of the extracts or the positive control (ascorbic acid) or distilled 

water (vials assigned “control” and “negative control”), 30 μL of a 50 mM linoleic acid (Merck, 

Johannesburg, South Africa) and 20 µL of Tris-HCl buffer (100 mM, pH 7.5) were added. Next, 20 μL 

of FeSO4.7H2O (2 mM final assay concentration; Merck, Johannesburg, South Africa) was added to the 

test vials and the vials assigned “negative control” to induce lipid peroxidation. An equivalent volume 

of distilled water was added to the vials assigned “control”. The plate was left to stand for 30 min at 37 

°C. Next, 80 and 50 μL of 5.5 % acetic acid and 0.25 % thiobarbituric solutions (Merck, Johannesburg, 

South Africa) were added, respectively, into the vials. The content of the vials was mixed, and the vials 

were immersed in boiling water for 30 min. After cooling, the optical density (532 nm) of aliquots (150 

μL) from each vial was measured. The absorbances were blanked using those of the sample blanks or 

the solvent blanks. The inhibitory activity (%) on linoleic acid peroxidation was computed as follows: 

Inhibition (%)= 
(ANegative control- ANormal control)-(ATest- ANormal control)

(ANegative control- ANormal control)
 X 

100

1
 

Where “A” means absorbance. 

 

3.2.8 Measurement of α-glucosidase inhibition 

Into a 96-well clear bottom plate containing 25 μL of the extracts or the positive controls (acarbose; 

Merck, Johannesburg, South Africa) or the solvent (control), 50 μL of rice α-glucosidase (EC Number: 

232-604-7; Merck, Johannesburg, South Africa) solution  (4 U/mL in 100 mM phosphate buffer, pH 

6.8) was added. The plate was left to stand for 10 min at 37 °C. Next, 25 μL of p-nitrophenyl 

glucopyranoside substrate (Merck, Johannesburg, South Africa) solution (10 mM in 100 mM phosphate 

buffer, pH 6.8) was added. The enzyme/substrate reaction was allowed to take place for 20 min at 37 

°C, before stopping with 100 μL of 100 mM Na2CO3. Immediately, the optical density was recorded at 

405 nm. The absorbances were blanked using those of the sample blanks or the solvent blanks. The 

inhibitory effect of the extracts or acarbose on the enzyme activity was computed as follows: 
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Inhibition  (%) =  
Absorbance of control − Absorbance of test

Absorbance of control
     x  100    

 

3.2.9 Measurement of α-amylase inhibition 

Into a screw-cap vials containing 75 μL of the extracts or the positive controls (acarbose) or the solvent 

(control), 75 μL of porcine pancreatic amylase (EC Number: 232-565-6; Merck, Johannesburg, South 

Africa) solution  (3 U/mL in 100 mM phosphate buffer, pH 6.8) was added. The plate was left to stand 

for 15 min at 37 °C. Next, 75 μL of starch substrate solution (1% in 100 mM phosphate buffer, pH 6.8) 

was added. The enzyme/substrate reaction was allowed to take place for 30 min at 37 °C, before adding 

75 μL of dinitrosalicylate color reagent (Merck, Johannesburg, South Africa). The content of the vials 

was mixed, and the vials were immersed in boiling water for 10 min. After cooling, the absorbance of 

aliquots (150 μL) from each vial was measured at 540 nm. The absorbances were blanked using those 

of the sample blanks or the solvent blanks. The inhibitory effect of the extracts or acarbose on the 

enzyme activity was computed as follows: 

Inhibition  (%) =  
Absorbance of control − Absorbance of test

Absorbance of control
     x  100    

 

3.3 Bioassay guided fractionation of the avocado peel methanol extract 

About 4.1 g of the methanol extract (without tannin) was subjected to a gradient column (silica gel) 

fractionation. Thin layer chromatography (TLC) was first used to determine the appropriate solvent 

system for the gradient column fractionation. The mobile phase started with a solvent system volume 

ratio of 8:1.5:0.5 (hexane, chloroform, and methanol, respectively) and ended with a volume ratio of 

0:9:1 (hexane, chloroform, and methanol, respectively). Collected fractions with fairly similar TLC 

profiles were pooled together into nine different groups labelled as fractions 2 to 10. The fractions were 

recovered by air drying. 

 

3.3.1 Qualitative phytochemical profiling and antioxidant evaluation of fractions from the 

avocado peel methanol extract 

Total phenol and flavonoid content, FRAP, and DPPH and ABTS radical scavenging activities were 

measured for all the 9 fractions (fractions 2 to 10) and compared to positive controls (ascorbic acid and 

Trolox) using the protocols described in sub-section 3.2. For all the above-mentioned assays, the 

fractions and positive controls were tested at a concentration of 25 µg/mL. Fraction 8 (a pool of fractions 

with similar TLC profile), obtained from a mobile phase solvent system volume ratio of 3:6.5:0.5 
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(hexane, chloroform, and methanol, respectively), had the highest total phenol content and the most 

potent FRAP and radical scavenging activity compared to the other fractions. Thus, fraction 8 was 

subjected to LC-MS analysis. 

 

3.3.2 Liquid chromatography-mass spectroscopic (LC-MS) analysis of fraction 8 from avocado 

peel methanol extract  

LC-MS analysis was performed by the Central Analytical Facility, Stellenbosch University, Western 

Cape. A Waters Synapt G2 (Waters Corporation  , Milford, MA, USA), ESI probe, and ESI Pos, at a 15 

V cone voltage. The operation of liquid chromatography was done using an Acquity binary solvent 

manager. The chromatographic column used was a HSS T3 (Waters Corporation, Milford, MA, USA). 

It had a dimension of 2.1 × 150 mm and a particle size of 1.8 µm. Two solvent systems (A and B) were 

used as the mobile phase. Solvent system A was water containing 0.1% methanoic acid, while solvent 

system B was acetonitrile containing 0.1% methanoic acid. A 0.25 mL/min flow rate was applied for 

the gradient chromatographic separation at 30 °C. The gradient condition followed the following 

sequence: 100% (A):0% (B), 10 min; 72% (A):28% (B), 21 min; 60% (A):40% (B), 50 s; 0% (A):100% 

(B), 2 min. The extract was dissolved in a mixture of acetonitrile and water (1:1 v/v), passed through a 

0.22 µm filter, and injected at a volume of 20 μL. The signals of the separated compounds were recorded 

at 254 nm. Using the accurate masses, the compounds in the fraction were tentatively determined and 

semi-quantified (mg/L) relative to rutin standard, and according to the extracted ions. 

LC-MS showed the predominant presence of chlorogenic acid (103.5 mg/mL) and 1-O-caffeoylquinic 

acid (102.3 mg/mL) in fraction 8. Hence, it was assessed for dose-dependent antioxidant evaluation and 

compared to that of commercial chlorogenic acid (Merck, Johannesburg, South Africa). Also, Density 

Functional Theory (DFT) analysis was used to investigate the possible underlying radical scavenging 

mechanisms of chlorogenic acid. 

 

3.3.3 Dose-dependent radical scavenging and anti-linoleic acid peroxidative assessment of 

fraction 8 and chlorogenic acid 

The dose-dependent DPPH radical scavenging and anti-linoleic acid peroxidative activities of fraction 

8 and chlorogenic acid were measured at using the protocol reported in sub-sections 3.2.4 and 3.2.6. 

The radical scavenging activity of the samples were measured at concentrations of 3.75, 7.5, 15, 30, 

and 60 µg/mL, while the anti-linoleic acid peroxidative activity of the samples were measured at 

concentrations of 5, 10, 20, 40, and 80 µg/mL.  
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3.3.4 Measurement of the antioxidant capacity of fraction 8 and chlorogenic acid in Chang cells 

The effect of the tested samples (fraction 8 and chlorogenic acid) and ascorbic acid (positive control) 

on lipid peroxidation and the activity of key antioxidant enzymes was measured in Chang cells (ATCC® 

CCL-13™) induced with oxidative stress. The detailed protocol for this assay has recently been reported 

(Motloung et al., 2020). In summary, oxidative stress was induced in cultured cells using FeSO4 (1 mM 

in assay volume) after pre-treatment with the different concentrations (10, 20, 40, and 80 µg/mL in 

assay volume) of the fraction, chlorogenic acid and ascorbic acid. The thiobarbituric acid (TBA) method 

was used to measure the level of lipid peroxidation in the cell lysate, which was extrapolated from an 

MDA standard plot as TBA reactive substances (TBARS). Also, the activities of catalase and superoxide 

dismutase (SOD) were measured in the lysate of cells treated with the highest concentration (80 µg/mL) 

of the samples using the following assay kits purchased from Merck, Johannesburg, South Africa: 

Catalase Assay Kit (catalog number: CAT100) and SOD Assay Kit (product number: 19160). The 

inhibitory potential of the tested samples on lipid peroxidation was computed using the formula below: 

Inhibition (%) = 
(TNegative control −  TNormal control) − (TTest −  TNormal control)

(TNegative control −  TNormal control)
 ×  100 

Where “T” is the level of lipid peroxidation in the form of TBARS; the “Normal control” denotes cells 

treated with the sample solvent/vehicle, without FeSO4; the “Negative control” denotes cells treated 

with the sample solvent/vehicle and FeSO4; and the “Test” denotes cells treated with the sample and 

FeSO4. 

 

3.3.5 Measurement of the inhibitory effect of fraction 8 and chlorogenic acid on ROS and NO 

production inhibition in RAW 264.7 cells 

The effect of the tested samples (fraction 8 and chlorogenic acid) and ascorbic acid (positive control) 

on ROS and NO production was measured in RAW 264.7 macrophages [American Type Culture 

Collection (ATCC) Rockville, MD, USA); ATCC No.: TIB-71 ™] treated with lipopolysaccharide 

(LPS) (Merck, Johannesburg, South Africa). For ROS and NO production assays, the methods reported 

by Marrazzo et al. (2018) and Njoya et al. (2023) were adopted, respectively, with slight modifications. 

RAW 264.7 macrophages were grown in Roswell Park Memorial Institute (RPMI) 1640 medium 

(Separations, Johannesburg, South Africa) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin/streptomycin in a CO2 incubator (EC 160, Nϋve; Separations, Johannesburg, South Africa) 

under standard cell culture conditions (37 °C in a humidified environment with 95% air and 5% CO2). 

At about 80% confluence, the cells were trypsinized with 0.25% trypsin/EDTA (Cytiva Hyclone, USA) 

and split at a ratio of 1:5 for further passaging. Next, the cytotoxic effect of the tested samples on the 
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RAW 264.7 macrophages was measured at concentrations of (6.25–100 µg/mL) using standard MTT 

assay protocol. 

For the ROS and NO production inhibition assay, confluent RAW 264.7 macrophages were seeded in 

black/clear-bottom 96-well plate at a density of 10,000 cells per well and incubated for 24 h. The cells 

were then pre-treated for 2 h with the tested samples. For the ROS production inhibition assay, the cells 

were treated at sample concentrations of 25, 50, and 100 µg/mL in incubation volume. For the NO 

production inhibition assay the cells were treated at sample concentrations of 6.25, 12.5, 25, 50, and 

100 µg/mL in incubation volume. Some wells were assigned the control and negative control groups, 

which contained cells treated with the sample solvents/vehicle (≤ 0.5% DMSO). Next, LPS (200 ng/mL 

in final incubation volume) was added to the wells containing the samples and the wells assigned as the 

negative control group, while an equivalent volume of the 0.5% DMSO was added to the wells assigned 

as the control group. The plates were further incubated for 24 h. 

To analyze the cells for ROS production, the cells were washed with phosphate buffered saline (PBS). 

Next, 100 µL of fresh FBS-free culture medium, containing a 2′,7′dichlorodihydrofluorescein diacetate 

(DCFH-DA) (Merck, Johannesburg, South Africa) fluorescent probe (10 µM in incubation volume) was 

added into each well with minimal exposure to light, and the plates were further incubated for 30 min. 

Thereafter, the media containing the fluorescent probe was replaced with PBS, and fluorescence was 

measured at 485 nm (excitation) and 535 nm (emission) using a SpectraMax iD3 multi-mode microplate 

reader (Molecular Devices  , San Jose, USA). Also, cell images were obtained using a Leica DM IL 

LED inverted fluorescent microscope (Separations, Johannesburg, South Africa). The inhibitory 

potential of the tested samples on ROS production was calculated as follows: 

Inhibition (%) = 
(FNegative control −  FNormal control) − (FTest −  FNormal control)

(FNegative control −  FNormal control)
 × 100 

where “F” is the fluorescence intensity. 

To analyze the cells for NO production post-LPS treatment, 100 µL of the incubation medium from 

each well of the 96-well microtitre plates was aliquoted into designated wells of a new 96-well 

transparent plate. An equal volume of Griess reagent (Merck, South Africa) was added to the wells and 

the plate was kept in the dark at room temperature for 15 min. Absorbance values were measured at 540 

nm. The concentration of (µM) nitrite  was calculated from a sodium nitrite standard linear plot (y = 

0.0029x + 0.0114). The inhibitory potential of the tested samples on NO production was calculated as 

follows: 

Inhibition (%) = 
(CNegative control −  CNormal control) − (CTest −  CNormal control)

(CNegative control −  CNormal control)
 × 

Where “C” is the nitrite concentration (μM) extrapolated from the sodium nitrite standard plot. 
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3.3.6 Density functional theory (DFT) analysis 

The hydrogen atom transfer (HAT), single electron transfer followed by proton transfer (SET-PT), and 

sequential proton loss followed by electron transfer (SPLET) mechanisms were used to computationally 

study the DPPH radical scavenging activity of chlorogenic acid. The equations below sequentially 

denote the mechanisms for HAT, SET-PT and SPLET, respectively. 

ArOH + R● →  ArO●  +  RH           

ArOH + R● →  ArOH●+  +  R− →  ArO●  +  RH        

ArOH + R●   →   ArO− + R●   →  ArO●  +  R− →  ArO●  +  RH                 

Where ArO●, ArO−, ArOH●+, R− and RH denote phenolic radical, phenolic anion, phenolic cation, anion 

radical and neutral molecule, respectively. 

Geometry optimization of all the reaction species was performed using B3LYP together with the 6-

311++g (d,p) basis set. This computational method is largely used for radical scavenging mechanisms 

and has been shown to accurately estimate the geometries and thermodynamic parameters of the 

reaction species (Galano and Alvarez-Idaboy, 2013). The bond dissociation enthalpy (BDE), adiabatic 

ionization potential (AIP), proton dissociation enthalpy (PDE), proton affinity (PA) and electron transfer 

enthalpy (ETE) (in kcal/mol) of the reaction species for the capture of the DPPH radical by chlorogenic 

acid (5-CQA) were computed for a methanol solvent-based reaction, which are parameters that inform 

the above-mentioned radical reaction mechanisms. 

 

3.4 Bioassay-guided fractionation of litchi peel ethyl acetate extract and isolation/purification 

of epicatechin 

The litchi peel ethyl acetate extract was, first, chemically profiled using LC-MS according to the 

protocol reported in sub-section 3.3.2. Using the accurate masses and extracted ions, the compounds in 

the fraction were tentatively determined and semi-quantified (mg/L) relative to catechin calibration and 

according to the extracted ions. Thereafter, the extract was subjected to gradient column fractionation. 

A flow diagram of the fractionation and isolation protocol is presented in Figure 3.1. The extract was 

subjected to a silica gel 60 (0.040-0.063 mm; Merck, Johannesburg, South Africa) gradient column 

chromatography, starting with a solvent system (DCM:MeOH: water; 9:1:0.125 v/v/v), which was pre-

determined by thin layer chromatography (TLC). The column was run with decreasing volume of DCM, 

increasing volume of MeOH and water as shown in the Supplementary material (Table S1 of 

Appendix). The fractions obtained were pooled into 8 main fractions (Table S1 of Appendix) based 

on their TCL profiles. The fractions were identified as fractions 1 to 8. 
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Figure 3.1: Schematic representation of the isolation of compounds from the Ethyl Acetate extract of 

Litchie Peel 

The total phenol and flavonoid contents, as well as the antioxidant (FRAP, DPPH, and ABTS radicals 

scavenging activity) and glycaemic control (α-glucosidase and α-amylase inhibition) potentials of the 

fractions, were measured at a concentration of 35 µg/mL according to the protocols described in sub-

section 3.2. 

Based on the bioactivity results obtained, fraction 5, which comprises a pool of fractions (29 - 37) 

obtained from a solvent system gradient of 7:3:0.281 v/v/v (DCM:MeOH:water), was selected for 

further fractionation using a Sephadex (Merck, Johannesburg, South Africa) column with 100% 

methanol as the solvent system. Also, LC-MS was used to chemically profile fraction 5 according to 

the protocol reported in sub-section 3.3.2. Using the accurate masses and extracted ions, the compounds 

in the fraction were tentatively determined and semi-quantified (mg/L) relative to catechin calibration 

and according to the extracted ions. 

Seven sub-fractions were obtained from fraction 5 after separation in a Sephadex column. The in vitro 

radical (DPPH and ABTS) scavenging, anti-linoleic acid peroxidative and  α-glucosidase inhibitory 

activities of the sub-fractions were measured at 20 µg/mL using the protocol reported in sub-section 

3.2. Also, the cellular glucose uptake modulatory activity of the sub-fractions was measured as 

described below. 
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3.4.1 Measurement of glucose modulatory activity in Chang cells 

Chang cells were used to measure the cellular glucose uptake modulatory activity of the sub-fractions, 

and a previous protocol (Motloung et al., 2020) was adopted after some modifications. Chang cells 

(ATCC® CCL-13™; American Type Culture Collection Rockville, MD, USA) were cultured in a CO2 

incubator using DMEM-high glucose media supplemented with 10% FBS (Separations, Johannesburg, 

South Africa). At confluence, the cells were seeded into a 48-well plate at a density of 15,000 cells per 

well. After 24 h of incubation, the spent media was replaced with 350 µL of fresh media containing the 

sub-fractions (20 µg/mL in incubation medium). After 24 h of incubation, the media was aspirated, and 

the cells were washed with PBS. Next, 350 µL of RPMI media (diluted to 8 mM glucose concentration) 

containing the sub-fractions (20 µg/mL in incubation medium) was added to the wells. Designated wells 

were used as the media (containing media without cells) and control (containing media with untreated 

cells) groups. The plate was incubated for 3 h. Thereafter, 20 µL aliquot from each well was diluted 24 

times with distilled water, and glucose concentration (in mg/mL) was measured in the diluted aliquots 

against a glucose standard curve (y = 9.766x + 0.0585) using a Glucose (GO) Assay Kit (Merck, 

Johannesburg, South Africa), which was then converted to concentration in millimolar (mM). The 

glucose uptake activity (%) of the control and test groups was computed relative to the media group 

using the following formula: 

Glucose uptake activity (%)  =    
GCmedia     −    GCcontrol or test

GCmedia
      X     100 

Where “GC” is the glucose concentration in millimolar (mM). 

The glucose uptake modulatory activity of the sub-fractions was computed relative to the control by 

subtracting the glucose uptake activity of the control from that of each fraction. 

Based on the bioactivity data obtained from the sub-fractions, sub-fraction 4 was further subjected to 

preparative TLC (20 × 20 cm glass-backed, 0.25 mm silica plates) for the isolation of bioactive 

compound(s). The solvent system used was DCM: MEOH (9:1) with 5 drops of formic acid. The UV-

active substances were scraped off, washed with acetone and methanol, consecutively, and recovered 

by filtration. 

 

3.4.2 Nuclear magnetic resonance spectroscopy and mass spectrometry of the isolated 

compound 

The proton (1H) and (13C) NMR spectra were acquired using a Bruker Avance 400 MHz spectrometer. 

Deuterated DMSO solvent was used, and the working temperature was 25 °C. For 1H resonances (0 

ppm), tetramethylsilane (TMS) was employed as an internal standard. The standard pulse sequences 
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and processing macros given in the original program were used for advanced and two-dimensional 

spectra such as 13C APT/DEPT and 2D COSY, NOESY, HSQC, and HMBC. 

The compound(s) were subjected to low-resolution mass spectrometry. The MS experiment used an 

MD Sciex 3200 QTrap equipped with an electrospray (Turbo-ion spray) ionization source. 

The isolated compound was assessed for dose-dependent antioxidant and glycaemic control potential 

using the following experimental models. 

 

3.4.3 Measuring the inhibitory effect of the isolated compound on lipopolysaccharide (LPS)-

induced ROS production in RAW 264.7 cells 

The inhibitory potential of the isolated compound on LPS-induced ROS production was measured in 

RAW 264.7 cells at different concentrations (8.75, 17.5, 35, 70 and 140 µM) using the protocol 

described in sub-section 3.2.5. 

 

3.4.4 Measuring the dose-dependent α-glucosidase inhibitory and glucose uptake modulatory 

effect of the isolated compound 

The dose-dependent α-glucosidase inhibitory and glucose uptake modulatory effect of the isolated 

compound was measured according to protocols described in sub-sections 3.2.8 and 3.4.1. The dose-

dependent α-glucosidase inhibitory  effect of the samples and acarbose was measured at concentrations 

of 3.75, 7.5, 15, 30 and 60 µM. The dose-dependent glucose uptake modulatory effect of the sample 

was measured at concentrations of 10, 20, 40 and 80 µM and compared to that of a 2 µM metformin. 

 

3.5 IC50 and EC50 computation 

The IC50 and EC50 values of the tested samples were computed on GraphPad Prism 7 and/or MS excel 

2016 software using the non-linear or linear plot of transformed (log 10) sample concentrations (x-axis) 

versus the corresponding inhibitory bioactivities. 

 

3.6 In vivo antidiabetic and antioxidant assessment of litchi peel ethyl acetate extract 

The antidiabetic and antioxidant potential of the litchi peel ethyl acetate extract was investigated in a 

fructose/streptozotocin (STZ) model of diabetic rats. 
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3.6.1 Animals 

The approval for the use of animals in this study was obtained from the University of Free State Animal 

Research Ethics Committee (EREC) on 07 February 2023 (Protocol reference number: UFS-

AED2022/0028/23). Thirty-five 7 to 8 weeks old Sprague-Dawley (SD) rats were procured by the 

University of the Free State Animal Research Unit, where the animal experiment was conducted. The 

animals were allowed to acclimatize for 5 days. Thereafter, the animals were assigned into five groups 

containing seven animals each. The groups were named the normal control (NC), diabetic control 

(DBC), low-dose peel extract (LDPE), high-dose peel extract (HDPE) and metformin (MET) groups. 

The animals were housed two to three animals per cage in large-sized cages with the following 

dimensions: 598mm (L) x 380mm (W) x 200mm (H) with Grid top hatch access of 220mm (L) x 225mm 

(W) x 70mm (H). The animals were housed in a temperature (20 – 24 °C; set point at 22 °C) and 

humidity (40-70%; set point 60%) controlled room with a 12 h light-dark cycle. 

 

3.6.2 Diabetes induction 

A previous study (Wilson and Islam, 2012) has shown that the combination of 10% fructose and low 

dose (40 mg/kg bw) STZ could be used to develop a diabetic SD rat model that exhibits two key 

pathologies of T2D, namely insulin resistance and β-cell damage. This approach was adopted in 

inducing diabetes. First, the rats in the diabetic groups (DBC, LDPE, HDPE and MET groups) were fed 

ad libitum with 10% fructose solution in place of drinking water for 2 weeks. Thereafter, the rats were 

injected with a single intraperitoneal (i.p.) injection of STZ (40 mg/kg bw) dissolved in citrate buffer 

(pH, 4.4), while the rats in the NC group were injected with equivalent volume of citrate buffer. One 

week after STZ injection, the tail-tip blood glucose (mmol/L) of rats were measured using a  Contour 

Plus Blood Glucose Monitoring System (Ascensia Diabetes Care  Holdings AG, Basel, Switzerland). A 

multiplication factor of 18.018 was used to convert the blood glucose measurements from mmol/L to 

mg/dL. Animals having blood glucose values ranging from 250  to 600 mg/dL were considered diabetic 

and included in the study. Of the 28 rats induced with diabetes, four rats were extremely diabetic (blood 

glucose ˃ 600 mg/dL), and thus were excluded from the study. Therefore, each of the diabetic groups 

were left with six animals each. The number of animals in the NC group was also reduced to six to be 

consistent with other groups. 

 

3.6.3 Treatment 

After diabetes confirmation, the rats in the different groups were administered via oral gavage  with the 

following treatments: 
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• NC group: The vehicle of the extract or metformin (5% DMSO solution) 

• DBC group: The vehicle of the extract or metformin (5% DMSO solution) 

• LDPE: 150 mg/kg bw of extract dissolved in 5% DMSO solution 

• HDPE: 300 mg/kg bw of extract dissolved in 5% DMSO solution 

• MET: 200 mg/kg bw of Metformin hydrochloride (Merck, Johannesburg South Africa) 

dissolved in dissolved in 5% DMSO solution. 

The animals were treated for 20 days during a 4-weeks intervention period. This implies that the animals 

were treated during the first five days in each week of the intervention period. 

 

3.6.4 Measurement of fluid intake, food intake and non-fasting blood glucose 

 During the intervention period, the average daily fluid intake and average weekly food intake of the 

animals were measured. The tail-tip non-fasting blood glucose (NFBG) level of the animals was 

measured in the 6th day of the 1st, 2nd and 4th weeks of the intervention period. The NFBG was measured 

using a glucometer. 

 

3.6.5 Measurement of oral glucose tolerance 

The oral glucose tolerance test (OGTT) was performed on the 6th day in the 3rd  week of the intervention 

period. The rats were fasted for 7 h (from 3:00 am to 10:00 am). Thereafter, the tail-tip blood glucose 

of the animals was measured (0 min), before orally administering 2 g/kg bw of glucose. The tail-tip 

blood glucose of the animals was then measured for 120 min at 30 min intervals. Thereafter, the animals 

were allowed access to food. The area under the curve (AUC) for the OGTT was calculated according 

to a previous report (Sakaguchi et al., 2015): 

AUC (mg. h/dL) =
BG0 + (BG30 x 2) + (BG60 x 3) + (BG120 x 2)

4
 

 Where BG0, BG30, BG60 and BG120 mean blood glucose (mg/dL) at 0, 30, 60 and 120 min, 

respectively. 

 

3.6.6 Euthanization and sampling 

After the intervention period, the animals were euthanized using isoflurane. The blood of the animals 

was collected by cardiac puncture and stored in tubes without an anti-coagulant. Also, the liver, pancreas 

and muscle tissues of the animals were collected. The collected tissue samples were immediately frozen 

in liquid and stored at -80 °C. A portion of the pancreatic tissues was fixed in 10% neutral buffered 
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formalin (Merck, Johannesburg, South Africa) for histological assessment. The blood  was centrifuged 

at 3500 x g for 10 min at 4 °C using a NUVE NF 800R centrifuge (Separations, Johannesburg, South 

Africa) and the supernatant (serum) was stored at -80 °C. 

 

3.6.7 Measurement of liver and muscle glycogen content 

 The phenol–sulfuric acid method (Lo et al., 1970) was used according to a modified version (Matowane 

et al., 2023). About 0.5 g of tissue was disintegrated in a vial by adding 1.5 mL of 30% KOH solution 

and boiling for 40 min to form a homogenous solution. After cooling, 2 mL of 95% ethanol was used 

to precipitate the sugars in the homogenized tissues. This was done at 2 – 8 °C for 30 min. The 

supernatant was recovered and removed by centrifuging at 1200 x g for 30 min at ambient temperature. 

The residue or sediment was washed  twice with 95% ethanol and dissolved in 3 mL of distilled water. 

From the dissolved residue or glycogen standards (0.005 – 0.1 mg/200 µL) 200 µL was transferred into 

glass vials. Then, 1 mL of phenol (5% solution) and 5 mL of H2SO4 (98%  solution) were added, 

successively. The vials were gently agitated to mix. The absorbance of aliquots (250 µL) from each vial 

was measured at 490 nm (SpectraMax M2 microplate reader, Molecular Devices, San Jose, CA, USA). 

From the glycogen standard curve (y = 0.021x – 0.0165; R² = 0.9984), the glycogen content (mg/g 

tissue) of the tissues was calculated as follows: 

Tissue glycogen content (mg/g tissue) =
C x D

M
  

Where, “C” is the extrapolated concentration (mg/200 µL); “D” is the dilution factor = 31, which is the 

dilution of 200 µL of the dissolved residue in 6.2 mL of assay volume; “M” = 0.5 g, which is the mass 

(g) of tissue used in the assay. 

 

3.6.8 Measurement of serum insulin 

Serum insulin was measured using an enzyme-linked immunosorbent assay (ELISA) method. A 

Rat/Mouse Insulin ELISA Kit (Merck, Johannesburg, South Africa; product number: EZRMI) was used 

to perform the assay and the serum insulin concentration was expressed in ng/mL. 

 

3.6.9 Tissue homogenization and protein estimation 

The tissues were thawed and homogenized using a method reported previously (Matowane et al., 2023). 

About 100 mg of the different tissues (liver, pancreas and muscle) was homogenized in 1 mL of ice-

cold buffer (sodium phosphate buffer containing 0.5% v/v Triton X-100 and 1 mM EDTA, pH 7.5) 
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using a D1000 handheld homogenizer (Merck, Johannesburg, South Africa). The supernatant of the 

tissue homogenates was recovered at 10 400 x g for 10 min at 4 °C. Protein concentration was measured 

in the supernatant. The protein concentration (mg/mL) was extrapolated  from a bovine serum albumin 

(BSA) standard curve (y = 0.7059x + 0.1982; R² = 0.9992) using the bicinchoninic acid (BCA) method. 

 

3.6.10 Measurement of muscle tissue hexokinase activity 

The activity of hexokinase in the muscle tissue homogenate was measured at a protein concentration of 

5 mg/mL according to the protocols described in a Hexokinase Colorimetric Assay Kit (Merck, 

Johannesburg, South Africa; catalogue number, MAK091). Hexokinase catalyses the phosphorylation 

of glucose to glucose-6 phosphate. Glucose-6 phosphate is oxidized by glucose-6 phosphate 

dehydrogenase, during which the oxidized form of nicotinamide adenine dinucleotide (NAD+) is 

reduced to NADH. This assay estimates hexokinase activity by measing the NADH-mediated 

colorimetric reduction of a chromogenic probe over a duration of 20 min. NADH production was 

quantified from an NADH standard curve (y = 0.111x – 0.0147; R² = 0.998) of NADH amounts (2.5,  

5, 7.5, 10, and 12.5 nmol/reaction mixture) versus the corresponding absorbances at 450 nm. One unit 

of hexokinase represents the enzyme activity that will generate 1.0 μmol of NADH from NAD+ per 

minute at pH 8.0 under room temperature. The specific activity (nmol/min/mg protein) was calculated 

with respect to the protein concentration of the tissue homogenates as follows:  

Specific activity (nmol/min/mg protein)  =  
A x DF

RT x SV x PC
 

Where, “A” = amount (nmole) of NADH generated during reaction time; “DF” = dilution factor 

of sample in reaction volume; “RT” = reaction time (min); “SV” = sample volume (mL); “PC’ = sample 

protein concentration (mg/mL). 

 

3.6.11 Measurement of muscle tissue Akt phosphorylation  

The pan-Akt and phosphor-Akt levels in the muscle tissue supernatant were estimated by a colorimetric 

ELISA method using a Phospho-Akt (pSer473)/pan-Akt ELISA Kit (Merck, Johannesburg, South 

Africa; catalogue number, RAB0012) and presented as the spectrometric optical densities (OD). To 

estimate the levels of Akt phosphorylation, the ratio between the ODs of phospho-Akt and pan-Akt was 

computed. 
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3.6.12 Measurement of lipid peroxidation 

The protocol reported in a previous study (Tshane et al., 2021) was slightly modified to perform this 

assay. Lipid peroxidation was estimated in the serum and tissue homogenates (liver and pancreas). In a 

vial, the tissue homogenate or malondialdehyde (MDA) standards (100 µL), 0.25% thiobarbituric acid 

solution (500 µL), 20% acetic acid solution (200 µL) and distilled water (200 µL) were successively 

added and mixed. The MDA standards were 7.5, 15, 22.5, 30, 45 and 60 µM solutions. The vials were 

placed in a boiling water bath for 50 min and the absorbance of aliquots (250 µL) from each vial was 

measured at 532 nm. Lipid peroxidation, determined as the concentration of  thiobarbituric acid reactive 

substances (TBARS) was extrapolated from the MDA standard curve (y = 0.0083x + 0.0062; R² = 

0.999). 

 

3.6.13 Measurement of superoxide dismutase activity 

Superoxide dismutase activity (SOD) was measured in the serum and tissue homogenates (liver and 

pancreas) using an SOD Assay Kit (product number, 19160; Merck, Johannesburg, South Africa). SOD 

catalyses the reduction of superoxide ion. Thus, the activity of SOD in the samples was determined by 

measuring the inhibitory action on superoxide ion-mediated colorimetric (450 nm) reduction of a water-

soluble tetrazolium salt [2-(4-Iodophenyl)- 3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 

monosodium salt] as follows: 

Inhibition (%)  =  
ODC   −  ODS

ODC
   x  100 

Where “ODC” is the optical density for colorimetric (450 nm) reduction by the control (without 

enzyme), while “ODS” is the optical density for colorimetric (450 nm) reduction by the samples. 

The specific activity (nmol/min/mg protein) was calculated with respect to the protein concentration of 

the tissue homogenates as follows: 

Specific activity (% inhibition/mg protein)  =  
I x DF

SV x PC
 

Where, “I” = percentage inhibition (%) by enzyme on superoxide ion-mediated colorimetric reduction 

of a water-soluble tetrazolium salt; “DF” = dilution factor of sample in reaction volume; “SV” = sample 

volume (mL); “PC’ = sample protein concentration (mg/mL). 
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3.6.14 Measurement of catalase activity 

Catalase activity was measured in the serum and tissue homogenates (liver and pancreas) using a 

Catalase (CAT) Activity Assay Kit (Catalogue number, E-BC-K031-S; Biocom Africa, Johannesburg, 

South Africa). Catalase catalyses the decomposition of H2O2, a reaction that can be chromogenically 

(405 nm) stopped by ammonium molybdate. The activity of catalase in the samples was estimated by 

measuring the residual H2O2 after 1 min of enzyme-substrate reaction. The residual H2O2 was 

extrapolated from a H2O2 standard curve (y = 0.0307x – 0.0002; R2 = 0.9998) of H2O2 amounts (0, 0.5, 

1, 2, 3, 4 and 5 µmol) versus the corresponding absorbances at 405 nm. The specific activity (U/mg 

protein) was calculated with respect to the protein concentration of the tissue homogenates as shown 

below. One unit of catalase will decompose  1.0 micromole of H2O2 per minute at pH 7.0 under room 

temperature at a substrate  concentration of 50 mM H2O2.  

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈/𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛)  =  
𝐴 𝑥 𝐷𝐹

𝑅𝑇 𝑥 𝑆𝑉 𝑥 𝑃𝐶
 

Where, “A” = amount (µmole) of H2O2 that was used up during reaction time; “DF” = dilution factor 

of sample in reaction volume; “RT” = reaction time (min); “SV” = sample volume (mL); “PC’ = sample 

protein concentration (mg/mL). 

 

3.6.15 Histopathological examination of pancreatic tissues 

The fixed pancreatic tissues were dehydrated by successive changes in concentrations  (50%, 70%, 90% 

and 100%, respectively) of ethanol. Ethanol was removed from the tissue by repeated immersions in 

xylene before embedding in paraffin according to the standard protocol. The embedded tissues were cut 

into about 4 µm sections and mounted on slides. Hematoxylin and Eosin were used to stain tissue 

samples to highlight important features of the tissue samples. The DPX mounting media was applied 

before placing a cover slip. The slides were viewed with a Leica slide scanner. 

 

3.7 Data and statistics presentation 

The data of this study were presented as the average of the replicate data (n = 3 for in vitro assays and 

n = six animals for in vivo study) along with the standard deviation (±). For each parameter, statistical 

analysis was done to compare the data mean of the different groups. This was done using the IBM SPSS 

Statistics software (version 29). The one-way ANOVA and Tukey post hoc were used for computing the 

multiple comparison of the data averages and statistical significance was set a p ˂ 0.05. 
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CHAPTER 4 

UNRAVELLING THE INFLUENCE OF CHLOROGENIC ACID ON THE  

ANTIOXIDANT PHYTOCHEMISTRY OF AVOCADO (PERSEA AMERICANA 

MILL.) FRUIT PEEL 

 

Prescript  

This chapter investigated and reported the antioxidant phytochemistry of avocado (Persea americana 

Mill.) peel. The chapter has been published in Antioxidants as follows: Izu GO, Mfotie Njoya E, 

Tabakam GT, Nambooze J, Otukile KP, Tsoeu SE, Fasiku VO, Adegoke AM, Erukainure OL, Mashele 

SS, Makhafola TJ, Sekhoacha MP, Chukwuma CI*. (2024). Unravelling the Influence of Chlorogenic 

Acid on the Antioxidant Phytochemistry of Avocado (Persea americana Mill.) Fruit Peel. Antioxidants, 

13(4), 456. https://doi.org/10.3390/antiox13040456. The above-mentioned  publication was adopted in 

writing the content of this chapter. 
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4.1 Abstract 

Oxidative stress is pivotal in the pathology of many diseases. This study investigated the antioxidant 

phytochemistry of avocado (Persea americana Mill) peel. Different solvent extracts (dichloromethane, 

ethyl acetate, methanol, and water) of avocado peel were subjected to total phenol and flavonoid 

quantification, as well as in vitro radical scavenging and ferric reducing evaluation. The methanol 

extract was subjected to gradient column chromatographic fractionation. Fraction 8 (eluted with 

hexane:chloroform:methanol volume ratio of 3:6.5:0.5, respectively) was subjected to LC-MS analysis. 

It was assessed for cellular inhibition of lipid peroxidation and lipopolysaccharide (LPS)-induced ROS 

and NO production. The DPPH radical scavenging mechanism of chlorogenic acid was investigated 

using Density Functional Theory (DFT). The methanol extract and fraction 8 had the highest phenol 

content and radical scavenging activity. Chlorogenic acid (103.5 mg/mL) and 1-O-caffeoylquinic acid 

(102.3 mg/mL) were the most abundant phenolics in the fraction. Fraction 8 and chlorogenic acid dose-

dependently inhibited in vitro (IC50 = 5.73 and 6.17 µg/mL) and cellular (IC50 = 15.9 and 9.34 µg/mL) 

FeSO4-induced lipid peroxidation, as well as LPS-induced ROS (IC50 = 39.6 and 28.2 µg/mL) and NO 

(IC50 = 63.5 and 107 µg/mL) production, while modulating antioxidant enzyme activity. The fraction 

and chlorogenic acid were not cytotoxic. DFT analysis suggest that an electron transfer, followed by 

proton transfer at carbons 3′OH and 4′OH positions may be the radical scavenging mechanism of 

chlorogenic acid. Considering this study is bioassay-guided, it is logical to conclude that chlorogenic 

acid strongly influences the antioxidant capacity of avocado fruit peel 

Keywords: Avocado peel; chlorogenic acid; antioxidant; chromatography. 

 

4.2 Introduction 

Oxidative stress remains a culprit in the development and progression of many chronic diseases 

(Jomova et al., 2023). It is caused by a disruption in the balance between the biological production of 

deleterious reactive oxygen species (ROS)/reactive nitrogen species (RNS) and mitigating antioxidant 

actions (Bardaweel et al., 2018; Hameister et al., 2020). ROS and RNS play important roles in redox 

balance and signalling, immune response, and cellular homeostasis (Bardaweel et al., 2018). However, 

most ROS and RNS are radical species, which are very reactive (Hameister et al., 2020; Mandal et al., 

2022). Thus, their uncontrolled production could lead to oxidative alteration or damage of important 

biological molecules (Jomova et al., 2023; Hameister et al., 2020; Mandal et al., 2022). Oxygen, unlike 

other elements that exist as bi-atomic molecules, has better stability in the triplet state of electron spin 

(the state of unpaired electrons) than in the singlet state of electron spin (the state of paired electrons), 

which plays a major role in the reactivity of ROS (Bardaweel et al., 2018). 
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ROS and RNS are mostly by-products of biological signalling and/or metabolism. The commonly 

generated ROS and RNS include hydroxyl radicals, hydrogen peroxide, nitric oxide, peroxides, 

peroxynitrite, singlet oxygen, and superoxides, which are common by-products of the mitochondrial 

electron transport, cytochrome P450, and NADH oxidase pathways (Jha et al., 2017). They have been 

reported to have detrimental effects on biological molecules, which have been implicated in oxidative 

stress-associated diseases (Mandal et al., 2022; Jomova et al., 2023). 

Oxidative stress is a common denominator in the pathology of many chronic diseases (diabetes, cancer, 

cardiovascular diseases, renal disease, mental and neurological disorders, and pulmonary diseases) and 

aging due to the oxidative damage caused by ROS and RNS on DNA, proteins, and membrane lipids 

(Jomova et al., 2023). Redox signalling is important for proper myocardial functioning and is regulated 

by several kinases. Oxidative stress can dysregulate this signalling, which can lead to cardiovascular 

disorders (Jomova et al., 2023). Oxidative stress can cause oxidative damage to contractile proteins, 

which may lead to contractile dysfunctions and vascular impairments (Steinberg et al., 2013). ROS may 

induce pro-tumorigenic signalling, which may promote cancer cell proliferation and survival (Reczek et 

al., 2017). In a diabetic state, glycation processes can lead to advanced glycation end product (AGE) 

production (Perrone et al., 2020). AGEs can induce oxidative stress, which induces several stress-induced 

transcription factors and pro-inflammatory processes. Lipid peroxidation causes oxidative modifications 

to biological lipids, including membrane lipids, which compromises cell membrane integrity (Jomova et 

al., 2023). Oxidative modifications of lipids, such as apo-lipoprotein B, may lead to the formation of 

oxidized low-density lipoproteins, which have been implicated in the pathology of atherosclerosis 

(Jomova et al., 2023). 

The body is equipped with antioxidant mechanisms to mop deleterious ROS and mitigate the damages 

caused by oxidative stress (Birben et al., 2012). These include antioxidant enzyme systems, such as 

catalase, superoxide dismutase, and glutathione-related enzyme systems, as well as endogenous 

antioxidant molecules that quench pro-oxidants or enable the functioning of antioxidant pathways 

(Birben et al., 2012). Dietary or plant-derived polyphenols are known to possess antioxidant capacity, 

which is key for their medicinal potential in different diseases (Sun et al., 2020). Many fruits and 

vegetables contain these antioxidant phenolics, which contribute to their health benefits (Afam et al., 

2021). Despite the antioxidant benefits of fruit consumption, studies have shown that the non-edible 

wastes of many fruits are notable sources of phenolics, which are influential in their reported medicinal 

properties (Chukwuma et al., 2020; Hussain et al., 2022; Sha et al., 2023,). For instance, the seed of 

avocado fruit has ethnomedicinal applications in mental disorders and obesity (Oboh et al., 2016), while 

the peel has cosmetic applications (Ferreira et al., 2022). 

Avocado fruit (Persea americana Mill.) is a globally consumed fruit. The cosmetic applications and 

documented anticancer, antibacterial, anti-inflammatory, and anti-hypertensive potentials of the peel 
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have been strongly linked to its antioxidant properties (Araujo et al., 2021; Ferreira et al., 2022,). 

Phenolic acids, including hydroxybenzoic and hydroxycinnamic acids and flavonoids, including 

anthocyanins, flavanols, flavanones, and flavonols, are some of the classes of polyphenols reported in 

the avocado peel, which could contribute to its antioxidant effects (Tremocoldi et al., 2018; Rodríguez-

Martínez et al., 2021; Lyu et al., 2023). The radical scavenging activity of the peel extract has been 

documented (Tremocoldi et al., 2018; Rodríguez-Martínez et al., 2021; Rahman et al., 2022; Lyu et al., 

2023). Also, the peel has been shown to exert anti-inflammatory effects in lipopolysaccharide (LPS)-

treated murine macrophage cells by suppressing TNF-α expression and NO production (Tremocoldi et 

al., 2018). 

Despite the antioxidant and anti-inflammatory potential of avocado peel, previous studies have not been 

able to link or correlate its principal phytoconstituents to its bioactivity through comparative 

experimental analysis, which will give more insight into the antioxidant phytochemistry of the fruit’s 

peel. In the present study, computational, in vitro, and cell-based experimental models were employed 

to elucidate the antioxidant phytochemistry of avocado fruit peel. 

 

4.3 Materials and methods 

Please refer to sub-sections 3.1, 3.2, 3.3, 3.5 and 3.7 of chapter 3 for the materials and methods of this 

chapter. 

 

4.4 Results 

The methanol extract of the fruit peel had the highest (p < 0.05) total phenol, while the ethyl acetate 

extract had the highest (p < 0.05) total flavonoid content compared to the other extracts (Table 1). The 

Fe3+ reducing antioxidant activity of the methanol and dichloromethane extracts was significantly (p < 

0.05) more potent than that of the other extracts and Trolox, but significantly (p < 0.05) less potent than 

that of ascorbic acid (Table 1). The DPPH, ABTS, and NO radical scavenging activity of the methanol 

extract were stronger than those of the other extracts and in some instances stronger and/or comparable 

to those of ascorbic acid and Trolox (Table 4.1). 

Among the fractions (fractions 2 to 10) obtained from the methanol extract, fraction 8 consistently 

showed the highest (p < 0.05) total phenol content, as well as DPPH and ABTS radical scavenging and 

Fe3+ reducing antioxidant activity (Table 2). The antioxidant activity of fraction 8 was statistically 

comparable to that of ascorbic acid and/or Trolox (Table 4.2). 
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Table 4.1: Total phenol and flavonoid contents and in vitro Fe3+ reducing and radical scavenging 

activity of crude extract at 45 µg/mL. 

Groups 

Total Phenol 

Content 

(mg/g GAE) 

Total Flavonoid 

Content (mg/g 

QE) 

Fe3+ 

Antioxidant 

Capacity 

(mg/g GAE) 

DPPH Radical 

Scavenging 

Activity (%) 

ABTS 

Radical 

Scavenging 

Activity (%) 

NO Radical 

Scavenging 

Activity (%) 

DCM 612 ± 48.2 b 6.94 ± 0.76 a 163 ± 0.61 b 68.1 ± 5.80 b 55.0 ± 5.31 b 52.9 ± 2.26 d 

EtAc 142 ± 3.60 a 15.8 ± 2.24 b 31.8 ± 1.95 a 29.1 ± 1.26 a 31.8 ± 3.98 a 33.4 ± 4.78 c 

MeOH 829 ± 48.6 c 8.17 ± 0.60 a 162 ± 0.42 b 93.9 ± 2.79 c 96.3 ± 3.14 c 62.6 ± 3.03 d 

Water 157 ± 2.62 a 7.49 ± 0.19 a 38.7 ± 0.16 a 35.2 ± 1.80 a 40.8 ± 0,96 a 29.8 ± 6.51 bc 

Asc N/A N/A 253 ± 28.1 c 87.5 ± 5.86 c 99.8 ± 0.16 c 11.1 ± 3.46 a 

Trolox N/A N/A 57.1 ± 4.77 a 94.6 ± 1.25 c 98.1 ± 3.10 c 20.0 ± 2.21 ab 

Abbreviations: “ABTS”, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); “Asc”, ascorbic acid; “DCM”, 

di-chloromethane extract; “DPPH”, 2,2-diphenyl-1-picrylhydrazyl; “EtAc”, ethyl acetate extract; “GAE”, gallic 

acid equivalent; “MeOH”, methanol extract; “N/A”, not applicable; “NO”, nitric oxide; “QE”, quercetin 

equivalent. Data are presented as mean ± SD of triplicate analysis. For each assay, the superscript letters represent 

significant differences (p < 0.05) between groups when there are no similar letters. 

 

Table 4.2: Total phenol and flavonoid contents and in vitro Fe3+ reducing and radical scavenging 

activity of the fractions from the methanol crude extract at 25 µg/mL. 

Groups 

Total Phenol 

Content (mg/g 

GAE) 

Total Flavonoid 

Content (mg/g 

QE) 

DPPH Radical 

Scavenging (%) 

ABTS Radical 

Scavenging (%) 

Fe3+ Antioxidant 

Capacity (mg/g 

GAE) 

F2 195 ± 1.42 ab 17.1 ± 4.00 ab 44.2 ± 1.57 bc 13.7 ± 0.21 b 24.8 ± 3.75 ab 

F3 238 ± 12.5 bc 47.3 ± 4.10 cd 55.6 ± 1.03 c 40.9 ± 3.03 f 45.2 ± 2.52 b 

F4 175 ± 4.21 a 84.45 ± 12.4 e 40.8 ± 1.37 ab 44.5 ± 0.03 f 46.4 ± 0.51 b 

F5 236 ± 10.6 bc 8.04 ± 3.05 a 32.5 ± 5.6 a 30.1 ± 0.65 e 29.6 ± 0.51 ab 

F6 252 ± 10.1 cd 29.3 ± 8.10 bc 43.2 ± 5.64 ab 22.5 ± 1.53 d 30.6 ± 6.49 ab 

F7 339 ± 3.60 e 63.7 ± 14.9 de 68.8 ± 1.26 d 6.57 ± 0.01 a 25.6 ± 1.26 ab 
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F8 519 ± 48.6 f 39.4 ± 5.28 bc 90.8 ± 9.10 e 89.4 ± 4.65 g 96.7 ± 15.9 c 

F9 288 ± 11.2 d 7.00 ± 0.40 a 51.9 ± 2.87 bc 15.4 ± 0.65 bc 19.0 ± 2.83 a 

F10 179 ± 18.7 a 23.6 ±7.47 ab 44.7 ± 0.33 b 20.6 ± 1.32 cd 44.3 ± 17.7 b 

Asc N/A N/A 85.5 ± 1.32 e 99.4 ± 0.15 h ND 

Trolox N/A N/A 90.5 ± 2.52 e 99.9 ± 0.06 h 89.1 ± 13.0 c 

Abbreviations: “ABTS”, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); “Asc”, ascorbic acid; “DPPH”, 

2,2-diphenyl-1-picrylhydrazyl; “F2” to “F10”, fraction 2 to fraction 10; “GAE”, gallic acid equivalent; “N/A”, 

not applicable; “ND”, not determined; “QE”, quercetin equivalent. Data are presented as mean ± SD of triplicate 

analysis. For each assay, the superscript letters represent significant differences (p < 0.05) between groups when 

there are no similar letters. 

LC-MS analysis of fraction 8 showed the presence of several phenolic compounds, with chlorogenic 

acid (5-CQA) and 1-O-caffeoylquinic acid (1-CQA) being the compounds with the highest 

concentrations (Table 4.3 and Figure 4.1). Chlorogenic acid (5-CQA) was the compound of interest in 

this study. 

Table 4.3: LC-MS data of fraction 8 from the methanol extract of avocado peel. 

Identified Compounds 

 

Ontology 
ART 

(min) 
AMz 

Average 

Conc. 

(mg/L) 

4-Hydroxy-3-prenylbenzoic 

acid glucoside 

 
Phenolic glycosides 3.176 413.14206 0.1 

Microperfuranone  Butenolides 3.423 265.08621 0.5 

Eudesmic acid  Gallic acid and derivatives 4.359 211.05984 0.1 

Butalactin  Gamma butyrolactones 4.554 241.07141 0.1 

Chlorogenic acid  Quinic acids and derivatives 4.72 353.08762 103.5 

4-Hydroxybenzoic acid  Hydroxybenzoic acid derivatives 4.917 137.02409 0.1 

Mycophenolic acid  Phthalides 5.014 319.12024 0.1 

1-O-caffeoylquinic acid  Quinic acids and derivatives 5.029 353.0867 102.3 

Caffeic acid  Hydroxycinnamic acids 5.164 179.0349 1.0 

Quercetin 3-lathyroside  Flavonoid-3-O-glycosides 5.445 595.1261 21.9 

Rutin  Flavonoid-3-O-glycosides 5.671 609.14667 1.0 

Quercetin 3-galactoside  Flavonoid-3-O-glycosides 5.816 463.08737 30.0 

Crepidiaside A  O-glycosyl compounds 5.868 421.14926 0.1 

Gibberellin A17 
 C20-gibberellin 20-carboxylic 

acids 
6.048 377.16031 0.1 
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Quercetin 3-[rhamnosyl-(1-

>2)-alpha-L-

arabinopyranoside] 

 

Flavonoid-3-O-glycosides 6.055 579.13745 14.2 

Quercitrin  Flavonoid-3-O-glycosides 6.145 447.09045 43.4 

Azelaic acid  Medium-chain fatty acids 6.41 187.09761 16.2 

3-[4-[1-(4-Hydroxy-3-

methoxyphenyl)-1.3-

dihydroxyisopropoxy]-2-

hydroxyphenyl]propyl alpha-

L-rhamnopyranoside 

 

Lignan glycosides 6.426 509.20142 0.1 

Quercetin  Flavonols 6.978 301.03497 3.0 

Corchorifatty acid F  Lineolic acids and derivatives 7.748 327.21799 0.1 

Acrostalidic acid  Naphthopyrans 10.332 277.1442 5.4 

Kopetdaghin A  Sesquiterpenoids 10.488 383.22238 0.5 

Xanthoxin  Sesquiterpenoids 11.134 249.14981 16.5 

etretinate  Retinoid esters 11.38 353.21255 4.2 

3-Oxo-4.6-choladienoic acid 
 Bile acids. alcohols and 

derivatives 
12.203 369.24011 3.4 

1.1′-[1.11-

Undecanediylbis(oxy)]bisben

zene 

 

Phenol ethers 13.462 339.23151 108.8 

Canrenone  Steroid lactones 14.821 339.19983 10.9 

Abbreviations: “ART”, average retention time; “AMz”, average mass-to-charge ratio; “Conc.”, concentration. 

 

 

Figure 4.1: LC-MS chromatogram of fraction 8 from the methanol extract of avocado peel. 

Dose-dependently, the DPPH radical scavenging activity of fraction 8 was statistically (p > 0.05) as 

potent as chlorogenic acid, ascorbic acid, and Trolox (Table 4.4 and Figure 4.2a). Although not 

significantly (p > 0.05), the inhibitory effect of fraction 8 (IC50 = 5.73 µg/mL) and chlorogenic acid 

(IC50 = 6.17 µg/mL) on FS-induced linoleic acid peroxidation was stronger than that of ascorbic acid 

(IC50 = 8.41 µg/mL) (Table 4.4 and Figure 4.2b). 
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Table 4.4: IC50 values for the dose-dependent activities of the tested samples. 

Assays 
Fraction 8 Ascorbic Acid Trolox Chlorogenic Acid 

IC50 Values (µg/mL) 

DPPH radical scavenging 5.59 ± 1.75 ab 6.50 ± 2.18 ab 2.41 ± 0.46 b 8.84 ± 1.44 a 

Anti-linoleic acid peroxidation 5.73 ± 1.10 8.41 ± 3.33 ND 6.17 ± 1.26 

Anti-lipid peroxidation in Chang cells 15.9 ± 3.16 a 5.74 ± 0.66 b ND 9.34 ± 2.40 b 

Inhibition of ROS production in RAW 

264.7 cells 
39.6 ± 3.05 a 8.08 ± 1.83 c ND 28.2 ± 2.50 b 

Inhibition of NO production in RAW 

264.7 cells 
63.5 ± 4.89 c 203 ± 26.8 a ND 107 ± 2.06 b 

“ND” means “not determined”. Data are presented as mean ± SD of triplicate analysis. For each assay, the 

superscript letters attached to each data represent significant differences (p < 0.05) between groups when there 

are no similar letters. 

 

 

(a) 

 

 
 

(b) 

 

Figure 4.2: Dose-dependent (a) DPPH radical scavenging and (b) anti-linoleic acid peroxidative 

activities of fraction 8 and chlorogenic acid. Data are presented as mean ± SD of triplicate analysis. For 

each assay, the letters at the top of the bars represent significant differences (p < 0.05) between groups 

when there are no similar letters. 
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(a) 

 

 

  
(b) 

 

Figure 4.3: (a) Dose-dependent anti-lipid peroxidative and (b) antioxidant enzyme modulatory 

activities of fraction 8 and chlorogenic acid in FS-treated Chang cells. Data are presented as mean ± SD 

of triplicate analysis. For each assay, statistical comparison was done between the controls (control and 

negative control) and treatment groups at a given concentration or among the treatment groups at a 

given concentration. The letters at the top of the bars represent significant differences (p < 0.05) between 

groups when there are no similar letters. “FS” means FeSO4·7H2O. 
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In Chang cells induced with oxidative stress, the anti-lipid peroxidative of ascorbic acid (IC50 = 5.74 

µg/mL) was significantly (p < 0.05) and non-significantly (p > 0.05) stronger than that of fraction 8 

(IC50 = 15.9 µg/mL) and chlorogenic acid (IC50 = 9.34 µg/mL), respectively (Table 4.4 and Figure 

4.3a). Nevertheless, fraction 8, chlorogenic acid, and ascorbic acid (at 80 µg/mL) appreciably mitigated 

oxidative stress-induced depletion of catalase and SOD enzymes in the Chang cells (Figure 4.3b). 

Control (−LPS)  Negative control (+LPS) 

 

 

 
   

Fraction 8 (+LPS) Ascorbic acid (+LPS) Chlorogenic acid (+LPS) 

   
   

 
Figure 4.4: Dose-dependent inhibitory effect of fraction 8 and chlorogenic acid on ROS production in 

LPS-treated RAW 264.7 macrophages. Data are presented as mean ± SD of triplicate analysis. The 

letters at the top of the bars represent significant differences (p < 0.05) between groups when there are 

no similar letters. “LPS” means lipopolysaccharide. 

Although not as potent as ascorbic acid (IC50 = 8.08 µg/mL; p < 0.05), fraction 8 (IC50 = 39.6 µg/mL) 

and chlorogenic acid (IC50 = 28.2 µg/mL) showed promising inhibition of LPS-induced ROS production 

in RAW 264.7 macrophages (Table 4.4 and Figure 4.4). However, the ability of fraction 8 (IC50 = 63.5 

µg/mL) and chlorogenic acid (IC50 = 107 µg/mL) to inhibit NO production in LPS-treated RAW 264.7 
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macrophages significantly (p < 0.05) outperformed that of ascorbic acid (IC50 = 203 µg/mL) (Table 4.4 

and Figure 4.5a). Interestingly, both fraction 8 and chlorogenic acid were not toxic to the RAW 264.7 

macrophages (Figure 4.5b). 

 

 
(a) 

 

 
(b) 

 

Figure 4.5: Dose-dependent inhibitory effect of fraction 8 and chlorogenic acid on (a) NO production 

in LPS-treated RAW 264.7 macrophages and (b) the viability of RAW 264.7 macrophages. Data are 

presented as mean ± SD of triplicate analysis. Data are presented as mean ± SD of triplicate analysis. 

Statistical comparison was done between the controls (control and negative control) and treatment 

groups at a given concentration or among the treatment groups at a given concentration. The letters at 

the top of the bars represent significant differences (p < 0.05) between groups when there are no similar 

letters. “LPS” denotes “lipopolysaccharide”. 
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The Density Functional Theory (DFT) analysis data are presented in Table 4.5 and Figure 4.6. Figure 

4.6a depicts the chemical structure of 5-CQA and the selected hydroxyl group numbering, as well as 

the lowest energy structural conformer of chlorogenic acid (5-CQA). Figure 4.6b shows the electron 

spin density of the optimized structures of 5-CQA radicals for HAT mechanism of DPPH radical 

scavenging. 

 
 

(a) 

 
 

     
     

     
5-CQA-1OH 5-CQA-3OH 5-CQA-4OH 5-CQA-3′OH 5-CQA-4′OH 

 
(b) 

 

Figure 4.6: (a) Chemical structure of chlorogenic acid (5-O-caffeoylquinic acid) and its lowest-energy 

structural conformer; (b) the electron spin density of the optimized structures of 5-O-caffeoylquinic 

acid radicals. 

For the HAT mechanism, 5-CQA-4′OH H-atom abstraction appears to be the favoured mechanism for 

quenching DPPH radical according to the low BDE value (Table 4.5) and stable electron distribution 

on the phenolic radical (Figure 4.6b). For the SET-PT mechanism, the proton transfer step is more 
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highly favoured at positions 3′ and 4′ based on the low PDE values (Table 4.5). Overall, the SET-PT 

mechanism at the 5-CQA-3′OH and 5-CQA-4′OH positions appear to be the preferred mechanism for 

DPPH radical scavenging compared to the HAT and SPLET mechanisms due to the low enthalpy values 

(Table 4.5) 

Table 4.5: Bond dissociation enthalpy (BDE), adiabatic ionization potential (AIP), proton dissociation 

enthalpy (PDE), proton affinity (PA), and electron transfer enthalpy (ETE) obtained (in kcal/mol) of the 

reaction species for the capture of the DPPH radical via 5-CQA. 

Structure * 

HAT SET-PT SPLET 

BDE AIP PDE PA ETE 

kcal/mol 

5-CQA-1OH 27.6 22.0 5.6 14.0 13.6 

5-CQA-3OH 24.7 22.0 2.6 22.1 2.6 

5-CQA-4OH 27.1 22.0 5.0 24.1 3.0 

5-CQA-3′OH 2.6 22.0 −19.4 5.0 −2.4 

5-CQA-4′OH 2.1 22.0 −19.9 5.3 −3.2 

* The numbers 1, 3, 4, 3′, and 4’ denote the position of the eliminated hydrogen from 5-CQA. 

 

4.5 Discussion 

Oxidative stress is pivotal in the pathological outcomes of many diseases, which has been linked to the 

oxidative damage caused by deleterious ROS on biological molecules (Jomova et al., 2023). The peel 

of avocado fruit has been shown to have antioxidant effects (Tremocoldi et al., 2018; Rodríguez-

Martínez et al., 2021; Lyu et al., 2023). In this study, we presented the antioxidant phytochemistry of 

avocado fruit peel. 

The highly reactive nature of biological radicals notably influences their ability to oxidatively damage 

biomolecules. Plant polyphenols, on the other hand, are known radical scavengers, due to their ability 

to transfer hydroxyl H-atom and form stable phenoxy radicals (Chen et al., 2020). Also, the iron-

chelating ability of polyphenols contributes to their antioxidant potential (Scarano et al., 2023). In the 

present study, the methanol extract of avocado fruit peel had the highest polyphenol content and 

consistently had the highest radical scavenging and Fe3+ reducing activity relative to the other extracts 

(Table 4.1). Although not on the same variety, previous studies have documented the potent radical 

scavenging effects of the peel’s methanol extract (Antasionasti et al., 2017; Rahman et al., 2022). 

Consistent with our study, the methanol extract was more potent than ethyl acetate extract (Antasionasti 

et al., 2017). Among all the fractions form the methanol extract, fraction 8 had the most potent radical 

scavenging and Fe3+ reducing activity (Table 4.2). The activity correlates with the total phenol content 
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(Table 4.2), confirming the influence of polyphenols on the radical quenching potential of plants. 

Supporting documented evidence has also shown correlations between the phenolic contents of avocado 

peel extract and its radical scavenging and in vitro antioxidant capacity (Antasionasti et al., 2017; Lyu 

et al., 2023). In fact, relative to the pulp and seed, studies have shown that the peel possessed more 

phenolic content, and thus had stronger radical scavenging and antioxidant capacity (Hirasawa et al., 

2008; Rojas-García et al., 2022; Lyu et al., 2023). 

Previous studies have reported the presence of phenolic acids, including hydroxybenzoic and 

hydroxycinnamic acids and flavonoids, including anthocyanins, flavanols, flavanones, and flavonols in 

avocado peel (Tremocoldi et al., 2018; Rodríguez-Martínez et al., 2021; Lyu et al., 2023), which were 

partly identified in fraction 8 (Table 4.3). Also, the phenol content of fraction 8 was higher than the 

flavonoid content (Table 4.2), which suggests phenolic compounds may have influenced its antioxidant 

capacity more than the flavonoids. A consistent trend of data has previously been reported in fractions 

obtained from the methanol and ethyl acetate extracts of peel of an avocado variety grown in 

Ampelgading, Indonesia (Scarano et al., 2023). It was shown that the phenolic content contributed more 

to the radical scavenging and ferric-reducing activity of the fractions than the flavonoids content 

(Scarano et al., 2023). In the study, 1,2,4-trihidroksiheptadek-12,16-diyne and 1,2,4-

trihidroksiheptadek-16-yne-18-ene were identified as the possible antioxidant compounds in the 

fraction obtained from the methanol and ethyl acetate extracts, respectively (Scarano et al., 2023). 

However, this study (Scarano et al., 2023), like other studies (Tremocoldi et al., 2018; Rodríguez-

Martínez et al., 2021, Lyu et al., 2023), did not compare the antioxidant activity of the identified 

compounds with that of the potent extracts or fractions in which they were identified. Thus, the study 

was not able to ascertain whether the identified compounds influence the antioxidant capacity of the 

peel extracts or fractions. This suggests a gap in these studies and provides the rationale and relevance 

of our study. 

In our study, there was a predominant presence of chlorogenic and 1-O-caffeoylquinic acid in fraction 

8 (Table 4.3). Chlorogenic acid and derivatives have been reported in avocado peel (Hirasawa et al., 

2008; Rodríguez-Martínez et al., 2021). The data of our study further showed that the radical 

scavenging activity chlorogenic acid was comparable to that of fraction 8 and ascorbic acid (Table 4.4 

and Figure 4.2a), suggesting that chlorogenic acid may strongly influence the antioxidant effect of 

fraction 8. Moreover, chlorogenic acid is a known dietary phenolic acid with antioxidant and anti-

inflammatory potentials (Liang et al., 2015; Wang et al., 2022; Huang et al., 2023). Further 

computational DFT analysis suggests that the favoured radical scavenging mechanism of chlorogenic 

acid is a single electron transfer followed by proton transfer at 3′OH and 4′OH positions (Table 4.5 and 

Figure 4.6). 
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Furthermore, the radical scavenging potency of fraction 8 and chlorogenic acid (Table 4.4) may be 

relevant in their anti-lipid peroxidative attributes. This is because during lipid peroxidation free radicals 

can oxidatively attack biological lipids, including membrane lipids, compromising cell integrity, and 

exacerbating oxidative stress (Petrovic et al., 2020). In vitro and in Chang cells, fraction 8 and 

chlorogenic acid dose-dependently inhibited lipid peroxidation (Table 4.4 and Figures 4.2b and 4.3a). 

In Chang cells, the anti-lipid peroxidative effect of fraction 8 and chlorogenic acid was accompanied 

by the modulation of SOD and catalase activities (Figure 4.3b), which are key antioxidant enzymes. 

The anti-lipid peroxidative and antioxidant enzyme modulatory effect of chlorogenic acid was 

comparable to that of ascorbic acid and fraction 8, suggesting chlorogenic acid may notably influence 

the anti-lipid peroxidative effect of fraction 8. Moreover, the anti-lipid peroxidative and antioxidant 

enzyme modulatory effect of chlorogenic acid has been documented in animal disease models (Zhou et 

al., 1993; Wang et al., 2020). 

In LPS-treated RAW 264.7 macrophages, fraction 8 and chlorogenic acid dose-dependently suppressed 

oxidative stress by suppressing ROS production (Table 4.4 and Figure 4.4). This data, together with 

the potent anti-lipid peroxidative and antioxidant enzyme modulatory action of chlorogenic acid 

(Figure 4.3) strongly supports the documented modulatory action of chlorogenic acid on biological 

redox status (Zhou et al., 1993; Liang et al., 2015; Wang et al., 2020; Wang et al., 2022) and further 

supports its notable contribution to the antioxidant properties of avocado peel. Furthermore, both 

fraction 8 and chlorogenic acid dose-dependently suppressed NO production in LPS-treated RAW 264.7 

macrophages (Table 4.4 and Figure 4.5a) without causing cytotoxicity (Figure 4.5b). In fact, they 

outperformed ascorbic acid. Immune myeloid cells, like macrophages, are known to produce more 

cytokines and NO in response to inflammatory signals (Palmieri et al., 2020). Thus, the inhibitory action 

of fraction 8 on NO production in RAW 264.7 macrophages induced with inflammation suggests an 

anti-inflammatory potential. Through the suppressive action on LPS-induced NO production and TNF-

α expression in RAW 264.7 macrophages, existing data have shown the anti-inflammatory action of the 

hydroalcoholic extract of avocado peel (Tremocoldi et al., 2018). Data from our study further shows 

that the anti-inflammatory potential of avocado peel may be strongly influenced by the presence of 

chlorogenic acid, considering the promising suppressive effect of chlorogenic acid on LPS-induced NO 

production (Table 4.4 and Figure 4.5a). Moreover, chlorogenic acid has been reported to potentiate 

anti-inflammatory action by moderating the production and action of inflammatory mediators, including 

TNF-α, IL-1β, IL-6, IL-8, NO, and PGE2, while modulating signalling processes associated with NF-

κB, MAPK, Nrf2, etc. (Huang et al., 2023). 

 

 

 

© Central University of Technology, Free State



Page | 78  
 

4.6 Conclusion 

In this study, a bioassay-guided approach was used to elucidate the antioxidant phytochemistry of 

avocado peel. Fractionation of the peel’s methanol extract yielded a fraction that had a promising ability 

to scavenge free radical, inhibit lipid peroxidation, suppress ROS and NO production and modulate 

antioxidant enzyme activity. The fraction also showed the predominant presence of chlorogenic acid. 

Data further showed that chlorogenic acid had antioxidant activities that were comparable to that of the 

fraction and ascorbic acid. It scavenged DPPH radical through a single electron transfer, followed by 

proton transfer at its carbons 3′OH and 4′OH positions. Considering that our investigation was bioassay-

guided, it is logical to conclude that chlorogenic acid is a bioactive principle that notably influences the 

antioxidant capacity of avocado fruit peel. 
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CHAPTER 5 

EPICATECHIN ISOLATED FROM LITCHI CHINENSIS SONN. (LITCHI) 

FRUIT PEEL ETHYL ACETATE EXTRACT MODULATED GLUCOSE 

UPTAKE IN CHANG CELLS AND SUPPRESSED ROS PRODUCTION IN 

RAW 264.7 MACROPHAGES 

 

Prescript  

This chapter investigated and reported the antioxidant and glycaemic control assay-guided isolation of 

bioactive epicatechin from the ethyl acetate extract of litchi fruit peel. The chapter has been published 

in Antioxidants as follows: Izu GO, Mapasa NP, Nambooze J, Chukwuma MS, Njoya EM, Tabakam 

GT, Bonnet SL, Makhafola TJ, Mashele SS, Chukwuma CI*. (2024). Epicatechin Isolated from Litchi 

chinensis Sonn. (Litchi) Fruit Peel Ethyl Acetate Extract Modulated Glucose Uptake in Chang Cells 

and Suppressed ROS Production in RAW 264.7 Macrophages. Antioxidants, 13(10): 1233. 

https://doi.org/10.3390/antiox13101233. The above-mentioned  publication was adopted in writing the 

content of this chapter. 
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5.1 Abstract 

Bioactive flavonoid, epicatechin, has been reported in the peel of litchi fruit, but isolated from its 

hydroalcoholic extracts. This study isolated epicatechin with cellular glucose uptake modulatory and 

ROS production inhibitory properties from the ethyl acetate (EtOAc) extract using a bioassay-guided 

approach. The fruit peel was defatted with hexane and sequentially extracted using dichloromethane 

(DCM), EtOAc, methanol (MeOH), and water. In vitro, phytochemical models, namely antioxidant 

(Fe3+ reducing, radical scavenging, and anti-linoleic acid peroxidative) and glycaemic control (α-

glucosidase and α-amylase inhibitory and glucose uptake modulatory), were employed for the bioassay-

guided isolation, while the isolated compound was characterized using NMR and mass spectrometry 

and assessed for dose-dependent inhibition of α-glucosidase and lipopolysaccharide (LPS)-induced 

cellular ROS production, as well as modulation of cellular glucose uptake. Relative to the other extracts, 

the EtOAc extract had appreciable phenol and flavonoid contents, which perhaps influenced its potent 

anti-lipid peroxidative (65.0%) and α-glucosidase inhibitory (52.4%) effects. The α-glucosidase 

inhibitory potency of the fractions (1 – 8) from the EtOAc extract correlated with their flavonoid 

contents, with fraction 5 outperforming other fractions. The fraction comprised a pool of fractions 

obtained from the DCM:MeOH:water (7:3:0.281 v/v/v) solvent system. LC-MS revealed the 

predominant presence of epicatechin in fraction 5, which was later isolated from one of the sub-fractions 

(sub-fraction 4) of fraction 5. This sub-fraction had stronger anti-lipid peroxidative (65.5%), α-

glucosidase inhibitory (65.8%) and glucose uptake modulatory (38.2%) effects than the other sub-

fractions from fraction 5, which could have been influenced by the isolated epicatechin. Moreover, the 

isolated epicatechin inhibited α-glucosidase (IC50 = 35.3 µM), modulated cellular glucose uptake (EC50 

= 78.5 µM) and inhibited LPS-induced ROS production in RAW 264.7 macrophages in a dose-

dependent fashion [IC50 = 18.9 µM; statistically comparable (p ˃ 0.05) to ascorbic acid, IC50 = 9.57 

µM]. Epicatechin from litchi peel EtOAc extract could potentiate glucose uptake modulatory, α-

glucosidase inhibitory and ROS suppressive capacities, which could be influential in the use of litchi 

fruit peel for managing diabetes and associated oxidative damage. 

Key words: Antioxidant; epicatechin; glucose uptake; isolation; litchi peel. 

 

5.2 Introduction 

Diabetes remains a global health concern as it detrimentally affects the socio-economic sphere of many 

countries around the world. This has been aggravated by its ever-increasing prevalence, projected to 

increase from 537 million adults in 2021 to 783 million adults in 2045 (IDF, 2021). The disease is 

classically characterized by high blood glucose caused by abnormal nutrient metabolism. Type 2 

diabetes (T2D) remains the most prevalent type of diabetes (IDF, 2021), possibly because it is 

influenced by lifestyle-related factors, including dieting, weight gain, and physical inactivity (Zhu et 
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al., 2021). Insulin resistance is the main pathologic condition in T2D. Typically, it causes impaired 

metabolism of glucose. This includes drastically reduced uptake of circulating glucose into active cells 

of peripheral tissues due to the non-responsiveness of these cells to insulin signalling, which contributes 

to hyperglycaemia (Galicia-Garcia et al., 2020).  

Hyperglycaemia-induced oxidative stress is pivotal in developing diabetic complications due to 

oxidative damage caused by reactive oxygen species (ROS) produced during persistent hyperglycaemia 

(Bhatti et al., 2022). Notably, there is an elevated generation of superoxide radicals in respiring cells 

during hyperglycaemia (Bhatti et al., 2022). Elevated radical production can trigger lipid peroxidation. 

ROS can oxidatively damage the lipid bilayer of cells through lipid peroxidation, comprising the 

integrity of the cells (Bhatti et al., 2022). Moreover, lipid peroxidation processes can lead to the 

generation of more deleterious radical by-products, which can worsen oxidative stress. Furthermore, 

persistent hyperglycaemia can increase the rate of glycation of other biomolecules. This leads to the 

generation of advanced glycation end products (AGEs), biomarkers implicated in degenerative diseases 

like diabetes (Bhatti et al., 2022). 

While there are many medications for managing diabetes and associated oxidative complications, 

dietary phytochemicals are increasingly becoming popular supplements to mitigate oxidative stress and 

manage metabolic diseases (Sun et al., 2020). Many fruits are believed to contain antioxidant phenolics 

that influence their health benefits (Afam et al., 2021). Litchi chinensis Sonn. (Sapindaceae) is a tropical 

and subtropical fruit with high commercial value due to its global consumption. It is known to have 

nutritional value and medicinal benefits (Zhao et al., 2020). Studies have shown that the fruit has 

antioxidant, anti-hyperglycaemic, anti-hypertensive, anti-obesogenic, anti-dyslipidaemic, and 

hepatoprotective potentials (Zhao et al., 2020). Due to its commercial value, enormous amounts of by-

products, including the peel and seeds, are generated from its processing, which contains bioactive 

phenolic compounds in their free and bound forms (Cano-Gómez et al., 2024). Thus, the fruit’s wastes 

could be of medicinal relevance. 

In the context of antidiabetic potential, a previous review (Chukwuma et al., 2021) has shown that more 

studies have been conducted on the seed of litchi fruit than the peel, warranting the need for more studies 

to probe the anti-diabetic potential of the peel. The few anti-diabetic studies that have been conducted 

suggest that fruit peel has glycaemic control potential. A study has shown that hydroalcoholic extracts 

of litchi peel have mild and strong inhibitory activity on α-amylase and α-glucosidase, respectively 

(Tanaka et al., 2024), suggesting its potential to suppress postprandial glycaemia. In another study, the 

peel flour and procyanidin-rich fraction from the peel reduced blood glucose and improved blood lipid 

profile in high-fat-diet-fed rats and mice (Rong et al., 2017; Queiroz et al., 2018). A recent study further 

showed that litchi peel ethanol extract ameliorated T2D pathologies in db/db mice by reducing blood 

glucose, hepatic gluconeogenesis, oxidative stress, and associated inflammatory responses (Yang et al., 
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2024). Phytochemical assessments suggest that several key flavonoids, including catechins, 

procyanidins, proanthocyanidins, quercetin, rutin, and their derivatives may be influential in the 

antioxidant and other pharmacological properties of litchi peel (Zhao et al., 2006; Zhao et al., 2007; Li 

et al., 2007). 

The trend of previous diabetes-related pharmacological studies on litchi peel suggests that the focus has 

mostly been on the hydroalcoholic extracts, with limited studies on other extracts, such as the ethyl 

acetate extract (Chukwuma et al., 2021). Solvent extraction using ethyl acetate allows hydrogen bond 

formation with carboxyl and hydroxyl groups. It thus can result in the extraction of medium-polar to 

polar phenolics and/or flavonoids (Prasad et al., 2010), which could influence potent medicinal 

properties. In fact, documented qualitative evidence has shown that litchi peel hydroalcoholic and ethyl 

acetate extracts have relatively similar proportions of phenolic compounds and flavonoids (Chauhan et 

al., 2021). Concomitant pharmacological evidence in diabetic rats further suggests that the blood 

glucose lowering, and antioxidant effect of litchi peel ethyl acetate extract outperforms that of the 

hydroalcoholic extract (Chauhan et al., 2021), suggesting that the ethyl acetate extract of litchi peel 

could also be a source of flavonoids with antioxidant and glycaemic control potential. However, this 

has not been explored and thus remains elusive. Previous studies reporting the isolation of some 

bioactive flavonoids (proanthocyanidin B4, proanthocyanidin B2, and epicatechin) from litchi peel 

were from the hydroalcoholic extract and not the ethyl acetate extract (Zhao et al., 2006; Zhao et al., 

2007). Thus, there is a need to explore litchi peel ethyl acetate extract as a source of key bioactive 

flavonoids. Therefore, in this study, we, for the first time, isolated a key bioactive flavonoid 

(epicatechin) from litchi peel ethyl acetate extract using an antioxidant and glycaemic control assay-

guided approach, thus providing an alternative optimum approach to recovering bioactive epicatechin 

from litchi peel and more insight into the antidiabetic and antioxidant phytochemistry of litchi peel. 

 

5.3 Materials and methods 

Please refer to sub-sections 3.1, 3.2, 3.4, 3.5 and 3.7 of chapter 3 for the materials and methods of this 

chapter. 

 

5.4 Results and discussion 

The antidiabetic and antioxidant potential of litchi peel has been documented (Rong et al., 2017, 

Queiroz et al., 2018; Chukwuma et al., 2021; Yang et al., 2024; Tanaka et al., 2024). However, these 

studies and the isolation of bioactive flavonoids (epicatechin and proanthocyanidins) from litchi peel, 

have mostly been done on the hydroalcoholic extracts (Zhao et al., 2006; Zhao et al., 2007; Rong et al., 

2017; Queiroz et al., 2018; Chukwuma et al., 2021; Tanaka et al., 2024; Yang et al., 2024). Documented 
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evidence suggests that the ethyl acetate extract of litchi peel may possess stronger in vivo antidiabetic 

and antioxidant potential than the hydroalcoholic extract (Chauhan et al., 2021) and may be a source of 

the key bioactive flavonoids in litchi peel. However, the ethyl acetate extract of litchi peel has not been 

explored in this context. In this study, we used bioassay-guided isolation to demonstrate for the first 

time that the ethyl acetate extract of litchi peel can be an alternative source to recover epicatechin with 

cellular glucose uptake modulatory and ROS production suppressive capacities. 

 

5.4.1 Phytochemical and bioactive profiles of the peel extracts 

Extraction of the peel with DCM, EtOAc, MEOH and water yielded 17.3 (5.74%), 2.51 (0.84%), 63.1 

(21.0%) and 12.6 g (4.20%) of extracts, respectively. The EtOAc extract had the highest (p ˂ 0.05) total 

phenol content. In contrast, the MeOH and EtOAc extracts had significantly (p ˂ 0.05) higher total 

flavonoid contents than the DCM and water extracts (Table 5.1). The rich phenolic and flavonoid profile 

of the EtOAc extract could be linked to its ability to form hydrogen bonds with carboxyl and hydroxyl 

groups. It thus can extract medium polar to polar phenolics and/or flavonoids (Prasad et al., 2010). 

Perhaps, the phenolic and flavonoid profile of the EtOAc extract also influenced its FRAP, radical 

scavenging and anti-linoleic acid peroxidative activities, which were stronger than those of the other 

extracts and statistically comparable (p ˃ 0.05) to those of ascorbic acid and/or Trolox (Table 5.1). 

Phenolics have the ability to form stable phenoxy radicals, which influences their ability to scavenge 

radicals and chelate metals, making them good antioxidants (Chen et al., 2020, Scarano et al., 2023). 

Moreover, qualitative phytochemical analysis of litchi peel EtOAc extract, and hydroalcoholic extracts 

has shown the presence of phenolic compounds and flavonoids in a relatively similar fashion and could 

be influential in the potent radical scavenging, FRAP and anti-lipid peroxidative activities demonstrated 

by the ethyl acetate and methanol extracts (Table 5.1) (Zhao et al., 2006; Zhao et al., 2007; Li et al., 

2007). 

Table 5.1: Total phenol and flavonoid contents and in vitro Fe3+ reducing, radical scavenging, anti-

linoleic acid peroxidative and enzyme inhibitory activities of crude extracts at 55 µg/mL. 

Extracts and 

standards 

TPC 

(mg/g 

GAE) 

TFC 

(mg/g 

QE) 

FRAP 

(mg/g 

GAE) 

DPPH 

(%) 

ABTS 

(%) 

NO 

(%) 

AnLP 

(%) 

AGI 

(%) 

AAI 

(%) 

DCM 
39.7 ± 

1.35a 

35.3 ± 

9.71a 

151 ± 

5.77a 

46.1 ± 

5.07a 

43.6 ± 

0.43b 

5.63 ± 

2.77a 

33.6 ± 

6.28a 

5.10 ± 

3.54a 

9.84 ± 

4.64a 

EtOAc 
435 ± 

22.4c 

109.5 

± 12.1c 

600 ± 

54.7c 

83.3 ± 

2.01b 

96.6 ± 

0.26d 

15.0 ± 

5.22b 

65.0 ± 

3.48b 

52.4 ± 

4.63d 

33.7 ± 

7.42bc 

MeOH 
152 ± 

2.41b 

126 ± 

13.0c 

381 ± 

10.5b 

44.8 ± 

8.55a 

81.9 ± 

0.89c 

10.0 ± 

0.68ab 

35.9 ± 

3.68a 

34.1 ± 

3.14c 

13.8 ± 

5.16a 
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Water 
55.9 ± 

1.75a 

68.9 ± 

3.32b 

179 ± 

11.9a 

36.1 ± 

1.56a 

23.1 ± 

1.10a 

22.2 ± 

1.21c 

28.0 ± 

4.65a 

17.6 ± 

5.18b 

25.7 ± 

4.09ab 

Asc 
N/A N/A 879 ± 

12.0d 

45.3 ± 

5.03a 

97.9 ± 

0.06de 

4.41 ± 

1.82a 

ND N/A N/A 

Trolox 
N/A N/A 657 ± 

16.9c 

91.9 ± 

3.49b 

99.3 ± 

1.10e 

13.5 ± 

2.05b 

84.1 ± 

5.12c 

N/A N/A 

Aca 
N/A N/A N/A N/A N/A N/A N/A 88.3 ± 

1.31e 

43.6 ± 

11.1c 

“AAI”, α-amylase inhibitory activity; “ABTS”, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical 

scavenging activity; “Aca”, acarbose; “AGI”, α-glucosidase inhibitory activity; “AnLP”, anti-linoleic acid 

peroxidation activity; “Asc”, ascorbic acid; “DCM”, dichloromethane extract; “DPPH”, 2,2-diphenyl-1-

picrylhydrazyl radical scavenging activity; “FRAP”, Fe3+ reducing antioxidant power; “EtOAc”, ethyl acetate 

extract; “GAE”, gallic acid equivalent; “MeOH”, methanol extract; “N/A”, not applicable; “ND”, not determined; 

“NO”, nitric oxide radical scavenging activity; “QE”, quercetin equivalent; “TFC”, total flavonoid content; 

“TPC”, total phenol content. Data are presented as mean ± SD of triplicate analysis. For each assay, the superscript 

letters represent significant differences (p < 0.05) between groups when there are no similar letters. 

Compared to the other extracts, the EtOAc extract had the highest (p ˂ 0.05) α-glucosidase and α-

amylase inhibitory activities (Table 5.1). The MeOH had moderate α-glucosidase inhibitory activity. 

The  EtOAc and MeOH extracts showed a stronger inhibitory activity on α-glucosidase than α-amylase, 

which is consistent with a recent report, where litchi peel hydroalcoholic extracts showed more potent 

inhibition on α-glucosidase than α-amylase (Tanaka et al., 2024). The enzyme inhibitory effect of the 

polar extracts of litchi peel has been linked to the presence of notable flavonoids such as quercetin 

glycosides, proanthocyanidin, catechins and derivatives, etc. (Tanaka et al., 2024), which are also 

known to exert enzyme inhibitory action (Dirir et al., 2022). α-Glucosidase inhibitors exert glycaemic 

control by reducing postprandial blood glucose (Kashtoh et al., 2022), reiterating the anti-

hyperglycaemic potential of litchi peel. 

 

5.4.2 Phytochemical and bioactive profiles of the fractions and sub-fractions from the ethyl 

acetate peel extract 

Gradient column chromatography yielded fractions that were pooled into 8 major fractions (fractions 1 

– 8) based on their TLC profiles (Table S2 of Appendix). Although fraction 5 had the lowest total 

phenol content, its flavonoid content was significantly (p ˂ 0.05) higher than other fractions (Table 

5.2), which suggests that this fraction may contain some of the key bioactive flavonoids reported in 

litchi peel (Zhao et al., 2006; Zhao et al., 2007; Li et al., 2007; Tanaka et al., 2024). 
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Table 5.2: Total phenol and flavonoid contents and in vitro Fe3+ reducing, radical scavenging and 

enzyme inhibitory activities of fractions from the crude ethyl acetate extract at 35 µg/mL. 

Fractions 

and 

standards 

TPC 

(mg/g 

GAE) 

TFC 

(mg/g 

QE) 

FRAP 

(mg/g 

GAE) 

DPPH 

(%) 

ABTS 

(%) 
AGI (%) AAI (%) 

F1 
361 ± 

66.0de 

42.2 ± 

8.43b 

167 ± 

3.08d 

40.7 ± 

6.98bc 

80.6 ± 

1.42a 

22.0 ± 

4.44a 

14.1 ± 

4.98ab 

F2 
322 ± 

55.2d 

71.7 ± 

5.65c 

166 ± 

3.12d 

34.7 ± 

4.67bc 

80.1 ± 

1.73a 

37.7 ± 

5.31bc 

15.1 ± 

3.19ab 

F3 
220 ± 

19.5bc 

73.5 ± 

8.55c 

124 ± 

16.5b 

14.9 ± 

1.30a 

77.9 ± 

6.00a 

49.3 ± 

8.13cd 

22.9 ± 

9.33b 

F4 
195 ± 

19.7ab 

70.8 ± 

16.0c 

78.3 ± 

12.2a 

27.8 ± 

6.27ab 

97.6 ± 

2.22d 

37.5 ± 

5.98bc 

7.20 ± 

3.57a 

F5 
133 ± 

25.8a 

104 ± 

6.11d 

122 ± 

6.70b 

28.3 ± 

5.14b 

98.2 ± 

1.17d 

68.1 ± 

1.51e 

36.7 ± 

4.86c 

F6 
287 ± 

4.33cd 

54.1 ± 

7.50bc 

166 ± 

1.36d 

39.4 ± 

8.08bc 

98.0 ± 

0.06d 

31.7 ± 

7.40ab 

6.39 ± 

1.82a 

F7 
422 ± 

3.88e 

18.9 ± 

2.93a 

179 ± 

2.05de 

43.1 ± 

1.05c 

97.4 ± 

2.21d 

18.4 ± 

1.87a 

14.6 ± 

2.30ab 

F8 
186 ± 

16.4ab 

18.2 ± 

2.12a 

145 ± 

4.87c 

38.2 ± 

0.73bc 

96.9 ± 

1.08cd 

21.9 ± 

5.52a 

10.8 ± 

3.74ab 

Asc 
N/A N/A 290 ± 

4.36f 

41.4 ± 

1.89c 

90.3 ± 

1.88bc 

N/A N/A 

Trolox 
N/A N/A 192 ± 

3.93e 

79.0 ± 

4.13d 

87.0 ± 

1.50ab 

N/A N/A 

Aca 
N/A N/A N/A N/A N/A 65.8 ± 

2.76e 

39.9 ± 

3.45c 

“AAI”, α-amylase inhibitory activity; “ABTS”, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical 

scavenging activity; “Aca”, acarbose; “AGI”, α-glucosidase inhibitory activity; “Asc”, ascorbic acid; “DPPH”, 

2,2-diphenyl-1-picrylhydrazyl radical scavenging activity; “FRAP”, Fe3+ reducing antioxidant power; “GAE”, 

gallic acid equivalent; “N/A”, not applicable; “QE”, quercetin equivalent; “TFC”, total flavonoid content; “TPC”, 

total phenol content. Data are presented as mean ± SD of triplicate analysis. For each assay, the superscript letters 

represent significant differences (p < 0.05) between groups when there are no similar letters. 

In fact, LC-MS analysis of fraction 5 showed the notable presence of epicatechin, among other 

flavonoids (Table 5.3 and Figure 5.2), which may have influenced its more robust (p ˂ 0.05) α-

glucosidase and α-amylase inhibitory activity relative to the other fractions (Table 5.2). Moreover, the 

enzyme inhibitory activity of epicatechin and derivatives has been documented (Wu et al., 2019; Xu et 
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al., 2019; Şöhretoğlu et al., 2023). Fraction 5 also showed appreciable ABTS radical scavenging activity 

(Table 5.2) and thus was selected for further fractionation and isolation of bioactive flavonoids. 

Table 5.3: LC-MS data of fraction 5 from the ethyl acetate extract of litchi peel. 

Identified Compounds Ontology 
ART 

(min) 
AMz 

Total 

score 

Peak 

height 

Conc. 

(mg/L) 

Procyanidin B5 
Biflavonoids and 

polyflavonoids 
8.241 577.13507 7.6791 1,280 0.3 

Pseudolaroside B;(-)-

Pseudolaroside B 

Hydrolyzable 

tannins 
8.802 329.0878 7.4069 2,855 0.7 

Butyl 3-O-caffeoylquinate 
Quinic acids and 

derivatives 
9.147 409.15076 7.3007 3,121 0.8 

Glucosyringic acid;Syringin 

4-O-beta-glucoside 

Hydrolyzable 

tannins 
9.722 359.09879 7.349 5,648 1.4 

Epicatechin Catechins 12.133 289.07214 8.0017 370,407 94.5 

Kievitone hydrate 
8-prenylated 

isoflavanones 
13.707 373.13028 4.7465 14,903 3.8 

Garcimangosone D 
Phenolic 

glycosides 
14.2 391.1037 7.3375 4,686 1.2 

5-hydroxy-2-(4-

hydroxyphenyl)-7-{[3,4,5-

trihydroxy-6-

(hydroxymethyl)oxan-2-

yl]oxy}-3,4-dihydro-2H-1-

benzopyran-4-one 

Flavonoid-7-O-

glycosides 
15.163 433.11365 7.5754 1,137 0.3 

Garcimangosone D 
Phenolic 

glycosides 
15.254 391.1037 7.0551 1,280 0.3 

Polydine 
Flavonoid-7-O-

glycosides 
16.175 421.11395 7.3603 4,486 1.1 

Isolariciresinol 9'-O-beta-D-

glucoside 
Lignan glycosides 16,435 521.20264 7.1728 7,835 2.0 

Quercetin 3-galactoside 
Flavonoid-3-O-

glycosides 
16.659 463.0878 7.7967 16,029 4.1 

Aspalathin 
2'-Hydroxy-

dihydrochalcones 
16.834 451.12402 7.1687 7,039 1.8 

Aurasperone C Naphthopyranones 16.843 591.15076 7.5058 27,229 6.9 

Isolariciresinol 9'-O-beta-D-

glucoside 
Lignan glycosides 16.97 521.20251 6.0419 25,518 6.5 
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Identified Compounds Ontology 
ART 

(min) 
AMz 

Total 

score 

Peak 

height 

Conc. 

(mg/L) 

Aurovertin G 
C-glycosyl 

compounds 
17.308 491.19247 6.3281 50,720 12.9 

Hovenitin I Epigallocatechins 17.492 333.06146 8.0014 9,169 2.3 

Avicularin 
Flavonoid-3-O-

glycosides 
17.611 433.07831 6.7129 46,840 11.9 

Quercitrin 
Flavonoid-3-O-

glycosides 
18.322 447.09387 7.9544 46,688 11.9 

Ethyl 7-epi-12-

hydroxyjasmonate glucoside 

Fatty acyl 

glycosides of 

mono- and 

disaccharides 

18.513 415.19803 6.1113 294 0.1 

Kaempferol 3-alpha-L-

arabinopyranoside 

Flavonoid 

glycoside 
18.969 417.08301 7.5182 11,122 2.8 

Phlorizin 
Polyphenol 

glycoside 
19.097 435.1297 7.9116 24,326 6.2 

Abbreviations: “ART”, average retention time”; “AMz”, average mass-to-charge ratio; “Conc.”, concentration. 

 

 

Figure 5.1: LC-MS chromatogram of fraction 5 from the ethyl acetate extract of litchi peel. 

Subjecting fraction 5 to Sephadex chromatography yielded 7 sub-fractions, which were assessed for 

their radical scavenging, anti-lipid peroxidative, α-glucosidase inhibitory, and cellular glucose uptake 

activities. The anti-lipid peroxidative and α-glucosidase inhibitory activities of sub-fractions 4 and 5 

significantly (p ˂ 0.05) outperformed the activities of the other sub-fractions (Table 5.4). In fact, at a 

tested concentration of 20 µg/mL, their anti-lipid peroxidative and α-glucosidase activities were 

comparable to that of Trolox and acarbose, respectively. The data suggests that the epicatechin principle 

in fraction 5 (Table 5.3 and Figure 5.1) may have been eluted in sub-fractions 4 and 5, which influenced 

their potent activities. Moreover, the protective effect of epicatechin and derivatives on lipid 

Epicatechin 
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peroxidative damage (Terao et al., 1994; Shaki et al., 2017), as well as their α-glucosidase inhibitory 

effects (Wu et al., 2019; Xu et al., 2019; Şöhretoğlu et al., 2023) have been documented. 

Table 5.4: In vitro radical scavenging, anti-linoleic acid peroxidative, enzyme inhibitory and glucose 

uptake modulatory activities of sub-fractions at 20 µg/mL. 

Sub-

fractions 

and 

standards 

DPPH (%) ABTS (%) AnLP (%) AGI (%) GUMA (%) 

SBF1 37.7 ± 4.26cd 84.8 ± 3.96bc 25.9 ± 7.00ab 22.4 ± 2.69a NAD 

SBF2 26.7 ± 6.24abc 72.8 ± 1.34a 19.9 ± 2.21a 36.4 ± 4.03ab NAD 

SBF3 22.1 ± 3.81ab 72.1 ± 4.63a 38.7 ± 5.52b 46.8 ± 12.7bc 14.0 ± 6.92a 

SBF4 32.2 ± 6.36bcd 86.8 ± 2.54c 65.5 ± 8.95c 65.8 ± 2.85d 38.2 ± 5.81c 

SBF5 26.1 ± 1.99abc 87.1 ± 0.90c 60.1 ± 3.72c 56.0 ± 3.00cd 28.0 ± 2.47b 

SBF6 18.2 ± 4.00a 91.8 ± 4.31c 29.6 ± 7.80ab 29.2 ± 6.00a NAD 

SBF7 15.3 ± 4.89a 86.0 ± 1.71c 23.4 ± 6.95ab 23.9 ± 5.22a 11.7 ± 3.28a 

Asc 40.0 ± 2.06d 75.9 ± 2.77ab ND N/A N/A 

Trolox 68.2 ± 3.87e 76.6 ± 1.83ab 70.7 ± 4.05c N/A N/A 

Aca N/A N/A N/A 58.8 ± 4.04cd N/A 

“ABTS”, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical scavenging activity; “Aca”, acarbose; 

“AGI”, α-glucosidase inhibitory activity; “AnLP”, anti-linoleic acid peroxidation activity; “Asc”, ascorbic acid; 

“DPPH”, 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity; “GUMA”, glucose uptake modulatory 

activity; “N/A”, not applicable; “ND”, not determined. Data are presented as mean ± SD of triplicate analysis. For 

each assay, the superscript letters represent significant differences (p < 0.05) between groups when there are no 

similar letters. 

Furthermore, sub-fractions 4 and 5 showed stronger (p ˂ 0.05) glucose uptake modulatory activities, 

relative to the other sub-fractions in Chang cells (Table 5.4). Although, sub-fraction 4 was not as potent 

as sub-fraction 5 (p ˂ 0.05). Cellular glucose uptake is a key mechanism in physiological glucose 

homeostasis, which is impaired during T2D due to insulin resistance (Galicia-Garcia et al., 2020). Thus, 

the potent glucose uptake modulatory activity of sub-fraction 4 suggests it contains flavonoid(s) that 

can potentiate glycaemic control via improving insulin signalling and cellular glucose uptake and 

utilization. Epicatechin was the most plausible influencing bioactive flavonoids of sub-fraction 4, since 

it was the most abundant flavonoid in the parent fraction (fraction 5) (Table 5.3 and Figure 5.2). It is a 

dietary supplement reported to improve cellular insulin sensitivity and glucose tolerance in obese and 

T2D individuals (Cremonini et al., 2019). Hence, sub-fraction 4 was probed further to isolate bioactive 

epicatechin. 
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5.4.3 Spectrometric and bioactive profiles of the isolated compound 

Epicatechin was isolated from sub-fraction 4 using preparative TLC as a light/pale yellow powder. The 

spectral data of epicatechin (Figure 5.2) is as follows: ESI-MS+: m/z 291 [M + H]+, 313 [M + Na]+, 387 

[M + K]+ (Figure S1 of Appendix); ESI-MS–: m/z 289 [M - H]-, 325 [M + Cl]-, 579 [2M - H]- (Figure 

S2 of Appendix). 1H-NMR spectrum (400 MHz, CD3OD) as shown in Table 5.5: δH 6.99 (1H, s, H-2’), 

δH 6.80 (1H, dd, J = 8.2 Hz, H-6’), δH 6.78 (1H, d, 8.1 Hz, H-5’), δH 5.96 (1H, d, H-6), δH 5.94 (1H, d, 

H-8), δH 4.84 (1H, brs, H-2), δH 4.19 (1H, s, H-3), δH 2.88 (1H, dd, J = 4.3, 16.8 Hz, H-4axi) and δH 

2.75 (1H, dd, H-4eq), see Table 1. 13C-NMR (100 MHz, CD3OD): δC 156.6 (C-5), 156.3 (C-8a), 156.0 

(C-7), 144.6 (C-3’), 144.4 (C-4’), 130.9 (C-1’), 113.9 (C-2’), 118.0 (C-6’), 114.5 (C-5’), 98.7 (C-4a), 

95.0 (C-6), 94.5 (C-8), 78.5 (C-2), 66.1 (C-3) and 27.9 (C-4). 

 

Figure 5.2: Structure of (+)-Epi-catechin. 

The 1H-NMR (400 MHz) spectrum of the compound showed four groups of chemical shift values 

attributable to the flavonoid’s skeleton (Tajuddeen et al., 2016). The first group at δH 6.99 (1H, s, H-

2’), δH 6.80 (1H, dd, J = 8.2 Hz, H-6’) and δH 6.78 (1H, d, 8.1 Hz, H-5’) forming an ABX system 

(trisubstituted benzene ring-B of flavonoids); the second group at δH 5.96 (1H, d, H-6) and δH 5.94 (1H, 

d, H-8) corresponding to an AX system (tetrasubstituted benzene ring-A of flavonoids); the third and 

fourth groups formed by two oxymethine protons at δH 4.84 (1H, brs, H-2) and δH 4.19 (1H, s, H-3); 

and two methylene anisotropic protons at δH 2.88 (1H, dd, J = 4.3, 16.8 Hz, H-4axi) and δH 2.75 (1H, 

dd, H-4eq) (Figure S3 of Appendix) attributable to proton 2, 3, and 4 of saturated ring C of flavan-3-

ol type flavonoid, respectively (Jung et al., 2012, Tajuddeen et al., 2016). The 13C-NMR (100 MHz, 

CD3OD) spectrum indicated the presence of 15 carbon atoms [five oxygenated aromatic carbons at δC 

156.6 (C-5), 156.3 (C-8a), 156.0 (C-7), 144.6 (C-3’) and 144.4 (C-4’); five aromatic methine carbons 

at 113.9 (C-2’), 118.0 (C-6’), 114.5 (C-5’), 95.0 (C-6) and 94.5 (C-8); two aromatic quaternary carbons 

at 130.9 (C-1’) and 98.7 (C-4a); two aliphatic oxygenated methine carbons at 78.5 (C-2) and 66.1 (C-

3), and one aliphatic methylene carbon at 27.9 (C-4)] (Figure S4 of Appendix). The DEPT 135 

© Central University of Technology, Free State



Page | 90  
 

spectrum confirms the presence of one methylene and seven methine carbons. All the above above-

mentioned information confirms compound 1 to be a flavan-3-ol flavonoid type (Abdullahi et al., 2017). 

The HSQC, HMBC, COSY and NOESY spectra (Figure S5 – S8 of Appendix) the structure of the 

compound was a Catechin epimer. The presence of signals of asymmetric carbons around δ 79 (C-2) 

and 67 (C-3) shows the compound is an Epi-catechin rather than a Catechin [signals around δ 82 (C-2) 

and 68 (C-3)]. The chemical shift values of protons H-2 and H-3 around δ 4.85 and 4.18 confirms the 

compound is a (+)-Epi-catechin (Figure 5.2) (El-razek ABD, 2007), which has been previously isolated 

from Euphorbia thymifolia Linn. and characterized (Kainsa et al., 2016) as shown in Table 5.5. 

Table 5.5: 1H (400 MHz) and 13C (100 MHz) NMR data of the isolated compound compared with 

reported literature. 

Position Compound 1 Reported literature (El-Razek, 2007) 

δ 1H (J in Hz) δ 13C δ 1H (J in Hz) δ 13C 

2 4.84 (s) 78.5 4.85 (s) 79.6 

3 4.19 (s) 66.1 4.18 (br s) 67.1 

4axi 2.88 (dd, J = 4.3; 16.8 

Hz) 

27.9 2.83 (br d, 17.0 Hz) 29.2 

4eq 2.75 (dd, J = 4.3; 16.8 

Hz) 

27.9 2.70 (br d, 17.0 Hz) 29.2 

4a  98.7  100.0 

5  156.6  157.8 

6 5.96 (d) 95.0 5.99 (d, J = 1.8 Hz) 96.3 

7 5.94 (d) 156.0 5.88 (d, J = 1.8 Hz) 157.8 

8  94.5  95.5 

8a  156.3  157.4 

1’  130.9  132.5 

2’ 6.99 (s) 113.9 7.01 (d, 1.8 Hz) 115.5 

3’  144.6  145.6 

4’  144.4  145.5 

5’ 6.78 (d, J = 8.1 Hz) 114.5 6.75 (d, J = 8.1 Hz) 115.7 

6’ 6.80 (dd, J = 8.1; 2.2 Hz) 118.0 6.80 (dd, J = 8.0; 1.8 Hz) 119.6 

 

Bioactivity assessment of the isolated epicatechin showed that it demonstrated a dose-dependent 

inhibitory action (IC50 = 18.9 µM) on LPS-induced ROS production in RAW 264.7 macrophages, which 

was statistically comparable (p ˃ 0.05) to that of ascorbic acid (IC50 = 9.57 µM) (Table 5.6 and Figure 

5.3), reiterating the antioxidant potency of epicatechin. LPS-induced ROS production has been linked 

to pro-inflammatory signalling, which can disrupt cellular processes and cause oxidative tissue injuries 
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due to excessive production of superoxide ions and hydrogen peroxide (Hsu et al., 2002). Hence, it is 

plausible that the inhibitory effect of epicatechin on LPS-induced ROS production in RAW 264.7 

macrophages was linked to both antioxidant and anti-inflammatory capacities. Moreover, the inhibitory 

effect of epicatechin on LPS-induced production of proinflammatory mediators and cytokines in RAW 

264.7 macrophages has been reported (Wang et al., 2014). 

 

   

 

 

Control 

(–LPS) 
   

Negative control 

(+LPS) 

 

      

Treatment concentrations 

8.75 µM 17.5 µM 35 µM 70 µM 140 µM  

     

EPC 

      

      

     

ASC 

      

 
 

Figure 5.3: Dose-dependent inhibitory effect of epicatechin (EPC) and ascorbic acid (ASC) on ROS 

production in  LPS-treated RAW 264.7 macrophages. Data are presented as mean ± SD of triplicate 

analysis. The letters at the top of the bars represent significant differences (p < 0.05) between groups at 

a given concentration when there are no similar letters. “LPS” means lipopolysaccharide. 
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Table 5.6: IC50 and EC50 values for the dose-dependent activities of the tested samples. 

Assays 
Epicatechin Acarbose Ascorbic acid 

IC50 and EC50 values (µM) 

α-Glucosidase inhibitory activity (IC50) 35.3 ± 5.75a 11.0 ± 4.11b NA 

Inhibition of ROS production in RAW 

264.7 cells (IC50) 
18.9 ± 5.44 NA 9.57 ± 4.10 

Chang cell glucose uptake modulatory 

activity (EC50) 
78.5 ± 13.6 NA NA 

“NA” means “not applicable”. Data are presented as mean ± SD of triplicate analysis. For each assay, the 

superscript letters attached to each data represent significant differences (p ˂ 0.05) between groups when there 

are no similar letters. 

Furthermore, the isolated epicatechin demonstrated a dose-dependent glycaemic control potential. It 

had an inhibitory effect (IC50 = 35.3 µM) on α-glucosidase (Table 5.6  and Figure 5.4), suggesting it 

could be a key flavonoid influencing the α-glucosidase inhibitory activity of the potent sub-

fraction(s)/fraction(s) and extract of litchi fruit peel. In Chang cells, epicatechin exerted dose-dependent 

modulatory effect (EC50 = 78.5 µM) on glucose uptake (Table 5.6 and Figure 5.6). 

 

Figure 5.4: Dose-dependent inhibitory effect of epicatechin and acarbose on α-glucosidase activity. 

Data are presented as mean ± SD of triplicate analysis. The letters at the top of the bars represent 

significant differences (p < 0.05) between groups at a given concentration when there are no similar 

letters. 
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(a) 

 

 
(b) 

Figure 5.5: (a) Glucose concentration in the medium of cells receiving different treatments and (b) % 

glucose uptake of cells receiving different treatments. Data are presented as mean ± SD of triplicate 

analysis. The letters at the top of the bars represent significant differences (p < 0.05) between the 

treatments when there are no similar letters. “EPC” means epicatechin. 

Relative to the untreated cells (control), an 80 µM epicatechin concentration enhanced (p ˂ 0.05) 

glucose uptake to an extent that was statistically comparable (p ˃ 0.05) to the glucose uptake effect of 

a 2 µM metformin, suggesting epicatechin may be effective in promoting cellular glucose uptake in 

cells of peripheral tissues, and may have influenced the glucose uptake activity of the potent sub-

fractions 4 and 5 (Table 5.4). Documented evidence suggests that epicatechin may enhance glucose 

uptake by modulating insulin signalling via the PI3K/AKT signalling pathway and modulating the 

translocation of glucose transporters (Xu et al., 2019; Chun et al., 2022). Further studies are, however, 

needed to investigate this speculation. 
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5.5 Conclusion 

In the present study, a bioassay-guided approach was used to probe into litchi fruit peel's antioxidant 

and anti-hyperglycaemic phytochemistry. Ethyl acetate solvent effectively extracted key flavonoids, 

which potentiated more potent antioxidant and enzyme inhibitory activities relative to the other solvent 

extraction. The flavonoid contents of fractions from the ethyl acetate extract also correlated with their 

α-glucosidase inhibitory activities. Epicatechin was the most abundant flavonoid in the fraction 

(fraction 5) with the highest inhibitory activity. Epicatechin was isolated from a sub-fraction (sub-

fraction 4) of fraction 5. The isolated epicatechin demonstrated a dose-dependent inhibitory effect on 

α-glucosidase, modulatory effect on cellular glucose uptake, inhibitory effect on cellular ROS 

production, and possibly influenced the potent α-glucosidase inhibitory, glucose uptake modulatory, 

and anti-lipid peroxidative activity demonstrated by sub-fraction 4. The data of this study showed that 

litchi peels EtOAc extract may exert antioxidant and glycaemic control by alleviating ROS-mediated 

oxidative insults, inhibiting carbohydrate digesting enzymes, and modulating cell glucose uptake, and 

epicatechin may be a principal bioactive flavonoid influencing these antioxidant and glycaemic control 

properties. Thus, litchi peel EtOAc extract can be an alternative source to recover epicatechin with 

cellular glucose uptake modulatory and ROS production suppressive capacities. 
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CHAPTER 6 

INVESTIGATING THE PHYTOCHEMISTRY AND UNDERLYING 

GLYCAEMIC CONTROL MECHANISMS OF LITCHI CHINENSIS SONN. 

(LITCHI) PEEL ETHYL ACETATE EXTRACT IN A 

FRUCTOSE/STREPTOZOTOCIN DIABETIC MODEL OF RATS 

 

Prescript  

This chapter investigated and reported the antioxidant and glycaemic control potential of litchi fruit 

peel ethyl acetate extract in a fructose/streptozotocin model of diabetic rats. The chapter has been 

published in Nutrients as follows: Izu GO, Mashele SS, Chukwuma CI*. (2024). Investigating the 

Phytochemistry and Underlying Glycemic Control Mechanisms of Litchi chinensis Sonn. (Litchi) Peel 

Ethyl Acetate Extract in a Fructose/Streptozotocin Diabetic Model of Rats. Nutrients, 16(21): 3644. 

https://doi.org/10.3390/nu16213644. The above-mentioned  publication was adopted in writing the 

content of this chapter. 
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6.1 Abstract 

The glycaemic control potential and flavonoid profile of litchi have been documented for its 

hydroalcoholic extracts, while there is scarce information regarding its ethyl acetate extract. this study 

investigated the flavonoid profile, as well as the ameliorative potential and possible underlying 

mechanisms of litchi peel ethyl acetate extract on type 2 diabetes related pathologies in a 

fructose/streptozotocin (STZ) model of diabetic rats. Sprague Dawley rats were induced with diabetes 

by administering 10% fructose for 2 weeks and a single i.p. injection of low-dose (40 mg/kg bw) STZ. 

Thereafter, the animals were orally administered with a low-dose (150  mg/kg bw) and high-dose (300 

mg/kg bw) of the peel extract (LDPE and HDPE, respectively) and metformin (200 mg/kg bw). 

Compared to untreated diabetic rats (AUC = 1004 mg.h/dL), the HDPE significantly (p ˂ 0.05) 

improved glucose tolerance (AUC = 847 mg.h/dL), which was statistically comparable (p ˃ 0.05) to the 

effect of metformin (AUC = 903 mg.h/dL). Serum insulin and pancreatic histology data showed that 

the STZ-induced pancreatic damage and insulin depletion was improved by the HDPE, which could be 

linked to the observed ameliorative effect of the extract on pancreatic lipid peroxidation and SOD and 

catalase activity. The extract further improved liver and muscle glycogen storage, as well as muscle 

hexokinase activity and Akt phosphorylation, suggesting that the extract exerts glycaemic control by 

enhancing glycogen storage and modulating insulin-mediated signaling of glucose uptake and 

utilization. LC-MS data and documented reports suggest that flavonoid, such as epicatechin,  

cinnamtannin B2, procyanidin B5 and proanthocyanidin A2 are the possible influencing compounds. 

The ethyl acetate extract of litchi peel could be a source of bioactive flavonoids that can potentiate 

glycaemic control in diabetes and mitigate the oxidative-stress related pathologies. 

Keywords: Antioxidant; ethyl acetate extract; flavonoids; fructose/streptozotocin diabetic rats; 

glycaemic control; Litchi fruit peel. 

 

6.2 Introduction 

According to the International Diabetes Federation (IDF), the global prevalence of adults suffering from 

diabetes will increase from 537 million in 2021 to 783 million in 2045 (IDF, 2021), suggesting that the 

negative impact of diabetes on the global health and socioeconomic landscapes could worsen if 

precautionary measures are not implemented. Diabetes is characterized by detrimental metabolic 

imbalances caused by hormonal insufficiency or dysfunction, which results in persistent 

hyperglycaemia (Sanyaolu et al., 2023). Type 2 diabetes (T2D) is the most prevalent type of diabetes, 

possibly due to its association with lifestyle related factors, such as physical inactivity, dieting and 

detrimental weight gain (Zhu et al., 2021). These factors lead to insulin resistance, which is a key 

pathophysiological defect of T2D (Galicia-Garcia et al., 2020; Zhu et al., 2021). During insulin 

resistance,  the homeostatic regulatory action of insulin on circulating glucose is impaired due to 
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dysfunctional signaling in the cells of peripheral tissues (Galicia-Garcia et al., 2020). Cellular glucose 

uptake, nutrient metabolism and utilization are impaired, which lead to reduced glycaemic control and 

eventually persistent hyperglycaemia, especially if the function of the pancreatic β-cells has been 

concomitantly compromised (Galicia-Garcia et al., 2020). 

Persistent hyperglycaemia has been linked to the development of microvascular and macrovascular 

complications of diabetes and oxidative stress has been documented as a key underlying mediator 

(Bhatti et al., 2022). Oxidative stress is caused by an imbalance between the physiological production 

of deleterious prooxidants or reactive oxygen species (ROS) and the antioxidant mechanisms to mop or 

quench the oxidant action of the prooxidants (Pizzino et al., 2017). During diabetes, hyperglycaemia 

facilitates the production of ROS, which can oxidatively damage cellular macromolecules and 

organelles, while signaling associated inflammatory responses (Bhatti et al., 2022). High blood glucose 

can cause glycation to key functional macromolecules, leading to production of advanced end products 

(AGEs), which are biological indicators of degenerative diseases, including diabetic complications 

(Bhatti et al., 2022). Elevated lipid peroxidation in diabetes has also been documented, which can 

compromise cellular integrity due to damage of the lipid bilayer of cell membranes (Bhatti et al., 2022). 

Also, deleterious radical byproducts of lipid peroxidation can also increase oxidative stress and cause 

oxidative damage to macromolecules (Bhatti et al., 2022). 

While there are many available commercial antidiabetic drugs, medicinal plants, including fruits and 

vegetables are increasingly been used as complementary and/or alternative therapies. Dietary 

antioxidant phenolic compounds present in fruits and vegetables offer a broad spectrum of 

pharmacological activities that could mitigate the development of diabetic complications by 

suppressing oxidative stress and inflammatory responses (Afam et al., 2021). Litchi chinensis Sonn. 

(Sapindaceae) is a tropical and subtropical fruit with high commercial value due to its global 

consumption (Zhao et al., 2020). The nutritional value and medicinal benefits of the fruit have also been 

documented (Zhao et al., 2020). While studies have mentioned the antioxidant, anti-hyperglycaemic, 

anti-hypertensive, anti-obesogenic, anti-dyslipidaemic and hepatoprotective potentials of the fruit 

(Zhao et al., 2020), documented evidence has shown that the non-edible peel could also be of medicinal 

relevance (Chukwuma et al., 2021; Cano-Gómez et al., 2024). Flavonoids, including catechins, 

procyanidins, proanthocyanidins, quercetin, rutin and their derivatives have been reported in the peel, 

which have been linked to some of the reported diabetes-related and antioxidant pharmacological 

properties of the peel (Zhao et al., 2006; Chukwuma et al., 2021; Cano-Gómez et al., 2024). It has been 

shown that the fruit peel has a strong α-glucosidase inhibitory potential (Tanaka et al., 2024), indicating 

it could potentiate glycaemic control by reducing postprandial blood glucose increase (Derosa and 

Maffioli, 2012). In high-fat-diet fed rodents, the peel powder and its procyanidin-rich fraction were 

shown to improve the profiles of blood lipids and glucose, and thus ameliorating diabetes-related 

metabolic alterations (Rong et al., 2017; Queiroz et al., 2018). In db/db mice, litchi peel ethanol extract 
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treatment has been shown to ameliorate type 2 diabetic pathologies, including elevated blood glucose, 

hepatic gluconeogenesis, oxidative stress and associated inflammatory responses (Yang et al., 2024). 

A review on the pharmacology potential of litchi fruit seed and peel (Chukwuma et al., 2021) suggests 

that diabetes related pharmacological investigations have mostly been demonstrated in the hydro-

alcoholic extracts or isolates with minimal investigations on other solvent extracts, such as the ethyl 

acetate extract. Ethyl acetate solvent extraction can cause hydrogen bonds formation with carboxyl and 

hydroxyl groups, resulting in the extraction of medium polar to polar phenolics and/or flavonoids 

(Prasad et al., 2010), which could influence potent medicinal properties. In fact, documented qualitative 

evidence has shown that the ethyl acetate extract of litchi peel contains relatively similar proportion 

phenolic compounds and flavonoids as the hydroalcoholic extract (Chauhan et al., 2021). A previous 

study has  proven that litchi fruit ethyl acetate extract demonstrates potent immunomodulatory potential 

(Yang et al., 2013).  In a more recent antidiabetic study, a comparative assessment in alloxan-induced 

type 1 diabetic Wistar rats suggests that the blood glucose lowering, and antioxidant effect of litchi peel 

ethyl acetate extract outperformed that of the  hydroalcoholic extract (Chauhan et al., 2021), suggesting 

that litchi peel ethyl extract may possess ameliorative potential against T2D associated pathologies. 

However, this speculation, as well as the possible mechanisms remain elusive and warrants 

investigation. Therefore, this study investigated the ameliorative potential and possible underlying 

mechanisms of litchi peel ethyl acetate extract on T2D related pathologies in a fructose/low dose 

streptozotocin (STZ) model of diabetic rats. 

 

6.3 Materials and methods 

Please refer to sub-sections 3.1, 3.6 and 3.7 of chapter 3 for the materials and methods of this chapter. 

 

6.4 Results and discussion 

The antidiabetic and antioxidant potential of litchi peel has been documented (Rong et al., 2017; 

Queiroz et al., 2018; Chukwuma et al., 2021; Tanaka et al., 2024; Yang et al., 2024). However, study 

trends show that the hydroalcoholic extracts have mostly been studied, while the ethyl acetate extract, 

which has been shown to have promising antidiabetic, phenolic and flavonoid profiles (Chauhan et al., 

2021) remains under explored. The present study demonstrates the rich flavonoid profile of litchi peel 

ethyl acetate extract, as well as its ameliorative effects on T2D related pathologies in a fructose/STZ 

model of diabetic rats. 
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6.4.1 Phytochemical profile of litchi peel ethyl acetate extracts 

The hydroalcoholic extracts of litchi peel have been extensively studied. Documented evidence has 

shown that the hydroalcoholic extracts of litchi peel are rich in flavonoids including catechins, 

proanthocyanidins and procyanidins, which are believed to be key bioactive flavonoids influencing the 

antioxidant, antidiabetic, anti-hypertensive and anti-inflammatory potentials of the hydroalcoholic peel 

extracts (Zhao et al., 2006; Li and Jiang, 2007; Tanaka et al., 2024; Yang et al., 2024). On the other 

hand, a previous qualitative assessment (Chauhan et al., 2021) has suggested that the ethyl acetate 

extract of litchi peel may also be rich in flavonoids as the hydroalcoholic extracts. However, specialized  

spectrometric profiling is still needed to confirm this. In our study, LC-MS analysis showed the notable 

presence of flavonoids, such as epicatechin,  cinnamtannin B2, procyanidin B5 and proanthocyanidin 

A2 in the ethyl acetate extract of litchi peel (Table 6.1 and Figure 6.1). The presence of these flavonoids 

suggests that the ethyl acetate extract may also potentiate antioxidant and antidiabetic effects, which 

has been investigated and reported in this study. 

Table 6.1: LC-MS data of litchi peel ethyl acetate extract. 

Identified Compounds Ontology 
ART 

(min) 
AMz 

Total 

score 

Peak 

height 

Conc. 

(mg/kg) 

Aralidioside Iridoid O-glycosides 5.648 447.11478 6.9378 12,228 502 

Cinnamtannin B2 Flavonoids 5.923 575.11932 7.0967 17,074 701 

Procyanidin B5 Flavonoids 6.635 577.13574 8.5544 6,652 273 

Epicatechin Flavonoids 6.952 289.07196 8.1009 39,675 1,630 

Epicate-chin-(4beta->8)-

epicatechin-(2beta-

>7,4beta->8)-catechin 

Flavonoids 7.168 863.18451 7.0737 286,371 11,763 

Aesculitannin G Flavonoids 7.917 574.11267 5.7575 90,599 3,721 

Proanthocyanidin A2 Flavonoids 8.306 575.12164 7.9145 110,862 4,554 

Quercetin 3-galactoside 
Flavonoid-3-O-

glycosides 
8.447 463.08835 6.7863 10,707 440 

epi-12-Palmatoside G 
Naphthopyranone 

glycosides 
8.671 491.19287 5.8164 11,744 482 

Astragalin 7-rhamnoside 
Flavonoid-7-O-

glycosides 
8.82 593.1521 7.0845 16,335 671 

“ART”, average retention time”; “AMz”, average mass-to-charge ratio; “Conc.”, concentration. 

 

© Central University of Technology, Free State



Page | 100  
 

 

Figure 6.1: LC-MS chromatogram of litchi peel ethyl acetate extract. 

 

6.4.2 Glycaemic control and antioxidant potential of litchi peel ethyl acetate 

Persistent hyperglycaemia in diabetic state causes excessive urinary excretion of glucose, which is 

responsible for some of the classical symptoms of diabetes, including weight loss, excessive food 

consumption (polyphagia) and excessive fluid consumption (polydipsia) (Nigro et al., 2018). In the 

present study diabetic rats significantly (p ˂ 0.05) lost weight and consumed more food and water 

compared to the nondiabetic counter parts (Table 6.2), which is influenced by their higher (p ˂ 0.05 

blood glucose levels (Figure 6.2). Treatment with the peel extracts (LDPE and HDPE) and metformin 

did not significantly improve the diabetic weight loss or fluid intake. The HDPE, however, had 

appreciable positive effect on the diabetic weight loss and fluid intake particularly in the 4th week of 

intervention. In fact, although not normalized, the HDPE significantly (p ˂ 0.05) reduced diabetic 

polyphagia (Table 6.2), suggesting a notable ameliorative effect of the litchi peel ethyl acetate extract, 

which can be further investigated long-term. 

 

Table 6.2: Food intake, water intake and weekly body weight. 

Groups 

Body weight (g) Food 

intake 

(g/rat/d) 

Water 

intake 

(mL/rat/d) 
Week 0 Week 1 Week 2 Week 3 Week 3 Week 5 

NC 
281 ± 

9.97 

307 ± 

15.3b 

323 ± 

17.7b 

324 ± 

18.8b 

320 ± 

19.5b 

328 ± 

20.4b 

23.0 ± 

1.25c 

47.7 ± 

8.52b 

CC_2

Time
2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50 10.00 10.50 11.00 11.50 12.00 12.50 13.00 13.50 14.00

%

0

100

BYusuf_DUT_240817_53Damm 1: TOF MS ES- 
BPI

7.32e5

8.31
575.12

6.95
289.07

4.74
273.07
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577.14

6.12
451.12

5.02
315.07
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533.14

7.16
863.18

8.26
609.15

7.91
574.11

7.62
863.19

8.67
491.19

11.66
329.238.82

593.15

11.21
629.35

9.32
493.21 12.26

315.18

Proanthocyanidin A2 
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DBC 
294 ± 

16.1 

279 ± 

24.2a 

271 ± 

25.9a 

256 ± 

23.9a 

252 ± 

28.0a 

245 ± 

20.8a 

46.3 ± 

2.86a 

160 ± 

30.8a 

LDPE 
291 ± 

23.6 

279 ± 

18.4a 

279 ± 

26.3a 

268 ± 

23.5a 

257 ± 

25.3a 

254 ± 

32.0a 

37.6 ± 

8.13b 

159 ± 

26.6a 

HDPE 
306 ± 

11.2 

289 ± 

18.6a 

282 ± 

21.9a 

273 ± 

28.3a 

265 ± 

26.5a 

265 ± 

28.6a 

35.2 ± 

1.19b 

136 ± 

3.61a 

MET 
302 ± 

17.3 

285 ± 

20.3a 

268 ± 

23.6a 

261 ± 

24.8a 

252 ± 

25.8a 

259 ± 

29.4a 

40.9 ± 

5.66ab 

152 ± 

5.87a 

“NC”, normal control; “DBC”, diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract; 

“MET”, metformin. Week 0 is the STZ injection; Week 1 is the diabetes confirmation; Week 2 to week 5 is the 

intervention period. For each parameter, statistical comparison was done among the groups. Significant difference 

(p ˂ 0.05) exists between any two groups when there are no similar letters. 

 

 

Figure 6.2: Weekly non fasting blood glucose (NFBG). “NC”, normal control; “DBC”, diabetic control; 

“LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract; “MET”, metformin. For each period, 

statistical comparison was done among the groups. Significant difference (p ˂ 0.05) exists between any 

two groups when there are no similar letters. 

Weekly NFBG data showed that the peel extract dose dependently reduced NFBG over the treatment 

period (Figure 6.2). Notably, the HDPE caused significant (p ˂ 0.05) reduction in the 2nd and 4th week 

of the intervention period, which was statistically comparable to that of metformin treatment, suggesting 

the blood glucose lowering potential of the peel’s ethyl acetate extract. Furthermore, the extract also 

exhibited a dose dependent glucose tolerance effect (Figure 6.3a), with the effect of the HDPE being 

significant (p ˂ 0.05) relative to the untreated diabetic animals (Figure 6.3b). 
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(a) 

 

 

(b) 

Figure 6.3: (a) Oral glucose tolerance data and (b) area under the curve. “NC”, normal control; “DBC”, 

diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract; “MET”, metformin. 

For each period or parameter, statistical comparison was done among the groups. Significant difference 

(p ˂ 0.05) exists between any two groups when there are no similar letters. 

While the blood glucose lowering effect of litchi peel ethyl acetate extract has been previously 

documented, the effect was demonstrated in alloxan-induced diabetic rats (Chauhan et al., 2021). The 

alloxan-induced and STZ-induced diabetic models are characterized by oxidative stress-mediated 

pancreatic β-cell damage and impaired insulin secretion (Lenzen, 2008), which suggests that the 

previously documented blood glucose lowering effect of litchi peel ethyl acetate extract (Chauhan et 

al., 2021) may be influenced by an improvement of pancreatic β-cell damage, among other possible 

mechanisms. This is because supporting antioxidant data from the study by Chauhan et al. (2021) 
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showed that the ethyl acetate extract improved the pancreatic antioxidant status of the alloxan-induced 

diabetic rats. 

Histology data comparing the pancreas of the normal rats (NC) with that of the untreated (DBC) and 

treated (LDPE, HDPE and MET) diabetic rats further reiterate the possible ameliorative effect of litchi 

peel ethyl acetate extract on chemical (STZ)-induced pancreatic damage (Figure 6.4).  

  
NC DBC 

  

  
LDPE HDPE 

  

 
MET 

 

Figure 6.4: Histological images of the pancreatic tissues from rats. “NC”, normal control; “DBC”, 

diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract; “MET”, metformin. 
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The pancreatic histology of the normal rats (NC) showed that the exocrine pancreatic acinar cells appear 

normal and active. The available  endocrine islets consisted of normal cells. The distribution pattern 

and size of the endocrine islets of Langerhans are considered normal with no sign of cellular or  exudate 

accumulation (Figure 6.4). 

The pancreatic histology of the untreated diabetic rats (DBC) showed features consistent with 

multifocal and mild pancreatic endocrine islet cell degeneration, which was caused by the low-dose (40 

mg/kg bw) STZ treatment during induction (Lenzen, 2008). Typically, there were mild degenerative 

changes consisting of cytoplasmic vacuolization with mild swelling, mild lesions and possible atrophy 

within cells of the pancreatic islet (Figure 6.4). Similarly, the pancreatic histology of the rats treated 

with the peel extract and metformin (MET) showed features consistent with multifocal and mild 

pancreatic endocrine islet cell degeneration. However, the degeneration in the pancreatic islets of rats 

in HDPE group was minimal compared to that of the animals in the other groups (Figure 6.4), 

suggesting a somewhat ameliorate effect of the HDPE on STZ-induced pancreatic damage. This 

ameliorative effect further reflects the ability of the HDPE to significantly (p ˂ 0.05) improve insulin 

secretion in diabetic rats as shown by the significantly (p ˂ 0.05) higher serum insulin level compared 

to the untreated diabetic rats (Table 6.3). 

Table 6.3: Serum insulin, tissue glycogen content and muscle tissue hexokinase activity. 

Groups 
Serum insulin 

level (µIU/mL) 

Glycogen content (mg/g tissue) 

Muscle 

hexokinase 

activity 

(nmol/min/mg 

protein) 

Liver Muscle 

NC 2.43 ± 0.31b 17.3 ± 3.56c 1.35 ± 0.23b 19.0 ± 5.33b 

DBC 1.16 ± 0.36a 9.61 ± 1.19a 0.88 ± 0.08a 10.2 ± 1.68a 

LDPE 1.50 ± 0.16a 12.4 ± 4.65ab 0.95 ± 0.19ab 11.8 ± 3.58a 

HDPE 2.17 ± 0.51b 14.6 ± 2.40abc 1.10 ± 0.20ab 15.3 ± 2.00ab 

MET 1.12 ± 0.11a 16.2 ± 4.68c 1.30 ± 0.15b 16.5 ± 5.07ab 

“NC”, normal control; “DBC”, diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract; 

“MET”, metformin. For each parameter, statistical comparison was done among the groups. Significant difference 

(p ˂ 0.05) exists between any two groups when there are no similar letters. 

It is plausible that the ameliorative effect of the HDPE on STZ-induced pancreatic damage may be 

linked to their pancreatic antioxidant capacities. The data of this study showed that the HDPE treatment 

significantly (p ˂ 0.05) reduced pancreatic lipid peroxidation and concomitantly increased (p ˂ 0.05) 

systemic and pancreatic catalase and SOD activities (Table 4). 
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Table 6.4: Lipid peroxidation and antioxidant enzymes activity in the serum and tissue of rats. 

Groups 

TBARS level (µM MDS 

equivalent) 

SOD activity (% 

inhibition rate/mg protein) 

Catalase activity 

(µmol/min/mg protein) 

Serum Liver Pancreas Serum Liver Pancreas Serum Liver Pancreas 

NC 
140 ± 

28.0c 

78.0 ± 

16.9c 

123 ± 

37.3c 

90.1 ± 

6.90b 

79.4 ± 

5.91b 

72.2 ± 

8.19c 

45.8 ± 

7.24b 

126 ± 

13.8 

47.3 ± 

4.00d 

DBC 
564 ± 

143a 

234 ± 

23.0a 

294 ± 

70.7a 

66.3 ± 

4.09a 

66.4 ± 

6.28a 

44.4 ± 

3.89a 

27.3 ± 

5.77a 

112 ± 

24.4 

15.2 ± 

4.67a 

LDPE 
419 ± 

42.4ab 

209 ± 

62.4ab 

222 ± 

53.6ab 

84.0 ± 

8.71b 

69.1 ± 

1.24a 

48.2 ± 

3.38a 

33.3 ± 

6.67a 

123 ± 

15.7 

26.0 ± 

2.32b 

HDPE 
305 ± 

62.1a 

146 ± 

22.2bc 

210 ± 

20.2b 

85.8 ± 

5.95b 

74.7 ± 

4.25ab 

57.5 ± 

2.00b 

35.4 ± 

3.08ab 

131 ± 

16.6 

38.2 ± 

3.85c 

MET 
411 ± 

117b 

217 ± 

71.5ab 

257 ± 

37.9ab 

70.5 ± 

6.59a 

68.3 ± 

7.80a 

47.4 ± 

4.46a 

30.7 ± 

9.03a 

116 ± 

8.42 

22.9 ± 

8.35ab 

“NC”, normal control; “DBC”, diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract; 

“MET”, metformin. For each parameter, statistical comparison was done among the groups. Significant difference 

(p ˂ 0.05) exists between any two groups when there are no similar letters. 

Catalase and SOD are antioxidant enzymes. SOD catalyzes the reduction of deleterious superoxide ions 

to hydrogen peroxide, which is reduced to water by the catalytic action of catalase (Lee and Park, 2021). 

Hence, the significantly higher pancreatic catalase and SOD activity of rats in the HDPE group, relative 

to the untreated diabetic rats suggests that the HDPE ameliorated STZ-induced ROS damage in the 

pancreatic tissue by mopping deleterious ROS. The potent in vivo antioxidant activity of the HDPE 

may be linked to notable presence of bioactive flavonoids including catechins, proanthocyanidins and 

procyanidins (Table 6.1 and Figure 6.1). Moreover, the hydroxyl radical and superoxide anion 

scavenging activity of proanthocyanidin B4, proanthocyanidin B2 and epicatechin isolated from litchi 

peel has been reported (Zhao et al., 2006), while the modulatory effect of catechins and 

proanthocyanidins in vivo antioxidant status and antioxidant enzymes activity have been documented 

(Patanè et al., 2023). Furthermore, the key bioactive flavonoids present in the peel extracts may also 

influence its modulatory effect on insulin secretion. This is because a study has shown that epicatechin, 

a major flavonoid in the peel extract (Table 6.1 and Figure 6.1), modulates glucose-stimulated insulin 

secretion in INS-1 cells (Yang and Chan, 2018). 

Other than the improvement of pancreatic antioxidant capacity, histology and insulin secretion, our 

study further suggests that there are other possibly mechanisms by which the litchi peel ethyl acetate 

extract improves glycaemic control and ameliorates diabetic pathologies, which could be linked to 

improvement of insulin action and glucose metabolism. In this study, we used fructose and low dose 
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(40 mg/kg bw) STZ to induce diabetes, resulting in a model characterized by pancreatic β-cell damage 

and insulin resistance (Wilson and Islam, 2012). Moreover, the association between fructose 

consumption and insulin resistance in peripheral tissues, including the liver and muscle has been 

documented (Taskinen et al., 2019). Supporting data from our study showed that diabetes induction 

significantly (p ˂ 0.05) reduced liver and muscle glycogen content (Table 6.3). Hepatic and muscle 

glycogen storage is one of the insulin-mediated mechanisms for glycaemic control and glucose 

homeostasis (Röder et al., 2016), suggesting that diabetes induction caused impaired insulin action or 

signaling. However, the litchi peel extract caused a dose dependent increase of liver and muscle 

glycogen content in the diabetic rats. Although the effect of the litchi peel extract was not significant (p 

˃ 0.05), the effect of high dose treatment (HDPE) was comparable to that of metformin treatment (Table 

6.3), suggesting that litchi peel ethyl acetate extract potentiates glycaemic control by promoting 

glycogen storage. 

 
(a) 

 

 

(b) 

Figure 6.5: Muscle tissue (a) panAkt and phosphoAkt levels and (b) phosphoAkt/panAkt ratio of rats. 

“NC”, normal control; “DBC”, diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose 

peel extract; “MET”, metformin. For each parameter, statistical comparison was done among the 

groups. Significant difference (p ˂  0.05) exists between any two groups when there are no similar letters. 
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Furthermore, diabetes induction significantly (p ˂ 0.05) reduced muscle hexokinase activity (Table 

6.3). Hexokinase is a glycolytic enzyme that initiates the cellular utilization of glucose taken up into 

cells of peripheral tissues (Wasserman, 2022). Glucose uptake and utilization are key insulin-mediated 

mechanisms for glucose homeostasis and glycaemic control (Röder et al., 2016; Wasserman, 2022), 

suggesting that diabetes induction suppressed insulin-mediated glucose uptake and utilization in the 

muscle. Additional molecular investigation showed that diabetes induction significantly  (p ˂ 0.05) 

reduced muscle Akt phosphorylation (Figure 6.5), a key molecular step in the signaling of cell glucose 

uptake by insulin (Chang et al., 2004), buttressing the suppressive impact of diabetes induction on 

insulin-mediated glucose uptake and utilization in the muscle. However, treatment with the peel extract, 

especially the high dose (HDPE) notably improved muscle hexokinase activity and Akt phosphorylation 

(Table 6.3 and Figure 6.5). Its modulatory effect on Akt phosphorylation was significant (p ˂ 0.05) and 

comparable to that of metformin treatment, suggesting that the bioactive phytoconstituents in litchi peel 

ethyl acetate extract exerts glycaemic control effect via modulating cellular insulin signaling, glucose 

uptake and utilization. Moreover, documented evidence has reported that epicatechin potentiates 

glycaemic control by modulating the IRS-1/PI3K/Akt signal transduction pathways, thus promoting 

glucose transporter type 4 (GLUT-4)-mediated cellular glucose uptake (Patanè et al., 2023). 

The comparative glycaemic control potential of HDPE relative to metformin may be influenced by the 

observed multi-mode potential of HDPE. This includes improving pancreatic histology and antioxidant 

status, insulin secretion and signalling, tissue glycogen production and cellular glucose uptake and 

utilization. While metformin may be a known standard drug, it may not be able to ameliorate some of 

the STZ-induced pathologies in the diabetic animals of this study. Documented evidence has shown that 

metformin could improve hepatic glycogen levels by suppressing glucagon action and gluconeogenesis 

(Rena et al., 2017). It could also improve insulin signalling, as well as glucose uptake and utilization, 

and thus improving glycaemic control (Rena  et al., 2017). These modes of action are consistent with 

the glycogen content, Akt phosphorylation and hexokinase activity data of the present study (Table 6.3 

and Figure 6.5). However, metformin is not able to affect the STZ-induced pathologies (pancreatic 

oxidative stress, β-cell damage and reduced insulin production) in the diabetic rats because these are 

outsides its pharmacological mechanisms. This could be the possible reason why metformin could not 

normalize blood glucose or glycaemic control of the diabetic rat model used in the present study. 

 

6.5 Conclusion 

In the present study, the antidiabetic and antioxidant potential of litchi peel ethyl acetate extract was 

demonstrated in a fructose-STZ model of diabetic rats. The data of the study suggests the extract 

potentiated glycaemic control by improving pancreatic histology and antioxidant status, improving 

insulin secretion, promoting glycogen storage and modulating cellular glucose uptake and utilization. 
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LC-MS analysis further revealed that flavonoids, including catechins, proanthocyanidins and 

procyanidins were the major phytoconstituents of the extract, which according to documented reports 

are the possible influencing bioactive components of the extract. The ethyl acetate extract of litchi peel 

could be a source of bioactive flavonoids that can potentiate glycaemic control in diabetes and mitigate 

the oxidative-stress related pathologies. 
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CHAPTER 7 

GENERAL DISCUSSION AND CONCLUSION 

 

7.1 General discussion 

There are many complications of diabetes and oxidative stress has been reported as a major underlying 

mediator (Bhatti et al., 2022). While commercial drugs exert glycaemic control by modulating 

processes that lowers blood glucose, their ability to suppress oxidative stress and mitigate associated 

diabetic  complications may rely a number of other mechanisms that are not directly linked to their 

pharmacological mode of actions. Medicinal plants, including fruits and vegetables are known to 

contain dietary antioxidant phytoconstituents, which influences their pharmacological potentials, 

including mitigating the progression of degenerative diseases, such as diabetes and associated 

complications (Wallace et al., 2020). Fruits like avocado and litchi are widely cultivated for their 

commercial value, nutritional value and health benefits. The documented pharmacological potentials 

(anti-inflammatory, antioxidant, anti-hyperglycaemic, anti-hypertensive, anti-obesogenic, anti-

dyslipidaemic, and hepatoprotective) of these fruits suggests their therapeutic relevance in delaying the 

development and progression of degenerative diseases, which has been linked to some bioactive 

phenolic and flavonoid compounds (Alkhalaf et al., 2019; Bhuyan, et al., 2019; Zhao et al., 2020). 

Despite medicinally underutilized, the wastes, including the peel and seeds from these fruits have also 

been shown to contain these bioactive phenolic and flavonoid compounds, which are key in potentiating 

the documented anti-inflammatory, antioxidant, anti-hyperglycaemic, anti-hypertensive, anti-

obesogenic, anti-dyslipidaemic, and hepatoprotective pharmacological potentials of these wastes 

(Bhuyan, et al., 2019; Chukwuma et al., 2021; Araujo et al., 2021, Ferreira et al., 2022). Using a 

bioassay-guided approach, the present study employed computational, in vitro, cell-based, and in vivo 

experimental models to elucidate the antioxidant and glycaemic control phytochemistry of the peel of 

avocado and litchi fruits. Understanding the antioxidant and anti-hyperglycaemic phytochemistry of the 

peel of these fruits may provide a platform for their effective therapeutic application and thus 

maximizing the therapeutic potential and utilization of the peel of these fruits. 

Preliminary antioxidant assessment of the peel crude extracts showed that the avocado methanol extract 

and the litchi ethyl acetate extract had the highest phenolic and flavonoid content and the most potent 

radical scavenging and anti-lipid (linoleic acid) peroxidative activity compared to the other 

corresponding solvent extracts from both peel extracts (Tables 4.1 and 5.1). Plant polyphenols, on the 

other hand, are known radical scavengers, due to their ability to transfer hydroxyl H-atom and form 

stable phenoxy radicals (Chen et al., 2020), suggesting the correlation between the phenolic content 

and antioxidant capacity of the avocado methanol extract and the litchi ethyl acetate extract. 
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documented evidence has also shown correlations between the phenolic contents of avocado peel 

extract and its radical scavenging and in vitro antioxidant capacity (Antasionasti et al., 2017; Lyu et al., 

2023). 

Furthermore, the litchi peel ethyl acetate extract had the most potent (p ˂ 0.05) α-glucosidase inhibitory 

activities relative to the other litchi peel extracts, although the methanol extract of litchi peel also 

showed appreciable α-glucosidase (Table 5.1). The enzyme inhibitory effect of the polar extracts of 

litchi peel has been linked to the presence of notable flavonoids such as quercetin glycosides, 

proanthocyanidin, catechins and derivatives, etc. (Tanaka et al., 2024), which are also known to exert 

enzyme inhibitory action (Dirir et al., 2022). While the isolation of bioactive flavonoids (epicatechin 

and proanthocyanidins) from litchi peel, have mostly been done on the hydroalcoholic extracts (Zhao 

et al., 2006; Zhao et al., 2007; Rong et al., 2017; Queiroz et al., 2018; Chukwuma et al., 2021; Tanaka 

et al., 2024; Yang et al., 2024), the present study demonstrates that the ethyl acetate extract of litchi 

peel could also be an underexplored source of bioactive flavonoids (epicatechin and proanthocyanidins) 

with enzyme inhibitory action. α-Glucosidase inhibitors exert glycaemic control by reducing 

postprandial blood glucose (Kashtoh et al., 2022), suggesting the glycaemic potential of litchi peel ethyl 

acetate extract 

Subjecting the potent extract (methanol extract) of avocado fruit  peel resulted in 9 fractions (fraction 2 

to 10). Antioxidant assessment of the fractions from avocado peel methanol extract showed that fraction 

8 (eluted with hexane:chloroform:methanol volume ratio of 3:6.5:0.5, respectively) consistently had the 

highest (p < 0.05) total phenol content, as well as DPPH and ABTS radical scavenging and Fe3+ reducing 

antioxidant activity (Table 4.2). The antioxidant activity of fraction 8 was statistically comparable to 

that of ascorbic acid and/or Trolox (Table 4.2), suggesting this fraction contains antioxidant 

constituents. Consistent with previous phytochemical data of avocado peel  (Hirasawa et al., 2008; 

Rodríguez-Martínez et al., 2021), LC-MS analysis of fraction 8 showed the predominant presence of 

chlorogenic acid (5-CQA) and 1-O-caffeoylquinic acid (1-CQA) (Table 4.3 and Figure 4.1). In fact the 

radical scavenging activity of chlorogenic acid was comparable to that of fraction 8 (Table 4.4 and 

Figure 4.2a), suggesting that chlorogenic acid may strongly influence the antioxidant effect of fraction 

8. Moreover, chlorogenic acid is a known dietary phenolic acid with antioxidant and anti-inflammatory 

potentials (Liang et al., 2015; Wang et al., 2022; Huang et al., 2023). Further computational DFT 

analysis suggests that the favoured radical scavenging mechanism of chlorogenic acid is a single 

electron transfer followed by proton transfer at 3′OH and 4′OH positions (Table 4.5 and Figure 4.6). 

Further cellular antioxidant assessment show that both chlorogenic acid and fraction 8 suppressed lipid 

peroxidation (Table 4.4 and Figures 4.2b and 4.3a) and modulated the activity of catalase and SOD 

activity (Figure 4.3b) in oxidatively stressed cells, which may be linked to the ability of chlorogenic 

acid to mop radical by-products of lipid peroxidation and modulate antioxidant status (Zhou et al., 1993; 
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Petrovic et al., 2020; Wang et al., 2020). In LPS-treated RAW 264.7 macrophages, it is appears that 

chlorogenic acid influenced the fraction’s suppressive effect on ROS (Table 4.4 and Figure 4.4) and 

NO (Table 4.4 and Figure 4.5a) production, reiterating the ROS mopping capacity of avocado peel. 

Moreover, the modulatory action of chlorogenic acid on biological redox status has been documented 

(Zhou et al., 1993; Liang et al., 2015; Wang et al., 2020; Wang et al., 2022). The suppressive effect of 

fraction 8 and chlorogenic acid on NO production may be linked to an anti-inflammatory potential. This 

because immune myeloid cells, like macrophages, are known to produce more cytokines and NO in 

response to inflammatory signals (Palmieri et al., 2020). Moreover, a similar suppressive effect by 

avocado peel hydroalcoholic extract have been reported (Tremocoldi et al., 2018) and chlorogenic acid 

may be a key influencer, considering its documented suppressive effect on the production and action of 

inflammatory mediators, including TNF-α, IL-1β, IL-6, IL-8, NO, and PGE2 (Huang et al., 2023). 

Subjecting the potent extract (ethyl acetate extract) of litchi fruit  peel, on the other hand, resulted in 8 

fractions (fraction 1 to 8). Qualitative phytochemical and glycaemic control assessments showed that 

the α-glucosidase inhibitory potency of the fractions correlated with their flavonoid contents, with 

fraction 5 (obtained from DCM:MeOH:water; 7:3:0.281 v/v/v solvent system) outperforming other 

fractions (Table 5.2). LC-MS profiling of the fraction showed the notable presence of epicatechin, 

among other flavonoids (Table 5.3 and Figure 5.1), which reflects the predominant flavonoids 

(biflavonoids and polyflavonoids such as epicatechin,  cinnamtannin B2, procyanidin B5 and 

proanthocyanidin A2) observed in the parent ethyl acetate extract (Table 6.1 and Figure 6.1) and the 

flavonoids that have been documented in litchi peel (Wu et al., 2019; Xu et al., 2019; Şöhretoğlu et al., 

2023). The predominant presence of epicatechin in fraction 5 may have influenced its more robust (p ˂ 

0.05) α-glucosidase inhibitory activity relative to the other fractions (Table 5.2). Moreover, the enzyme 

inhibitory activity of epicatechin and derivatives has been documented (Wu et al., 2019; Xu et al., 2019; 

Şöhretoğlu et al., 2023). 

Subjecting fraction 5 to Sephadex chromatography yielded 7 sub-fractions, which were assessed for 

their radical scavenging, anti-lipid peroxidative, α-glucosidase inhibitory, and cellular glucose uptake 

activities. The anti-lipid peroxidative and α-glucosidase inhibitory activities of sub-fractions 4 and 5 

significantly (p ˂ 0.05) outperformed the activities of the other sub-fractions (Table 5.4). In fact, at a 

tested concentration of 20 µg/mL, their anti-lipid peroxidative and α-glucosidase activities were 

comparable to that of Trolox and acarbose, respectively. The data suggests that the epicatechin principle 

in fraction 5 (Table 5.3 and Figure 5.1) may have been eluted in sub-fractions 4 and 5, which influenced 

their potent activities. Moreover, the protective effect of epicatechin and derivatives on lipid 

peroxidative damage (Terao et al., 1994; Shaki et al., 2017), as well as their α-glucosidase inhibitory 

effects (Wu et al., 2019; Xu et al., 2019; Şöhretoğlu et al., 2023) have been documented. 
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Furthermore, sub-fractions 4 and 5 showed stronger (p ˂ 0.05) glucose uptake modulatory activities, 

relative to the other sub-fractions in Chang cells (Table 5.4). Although, sub-fraction 4 was not as potent 

as sub-fraction 5 (p ˂ 0.05). Cellular glucose uptake is a key mechanism in physiological glucose 

homeostasis, which is impaired during T2D due to insulin resistance (Galicia-Garcia et al., 2020). Thus, 

the potent glucose uptake modulatory activity of sub-fraction 4 suggests it contains flavonoid(s) that 

can potentiate glycaemic control via improving insulin signalling and cellular glucose uptake and 

utilization. Epicatechin was the most plausible influencing bioactive flavonoids of sub-fraction 4, since 

it was the most abundant flavonoid in the parent fraction (fraction 5) (Table 5.3 and Figure 5.1). It is a 

dietary supplement reported to improve cellular insulin sensitivity and glucose tolerance in obese and 

T2D individuals (Cremonini et al., 2019). Hence, sub-fraction 4 was probed further to isolate bioactive 

epicatechin. 

Bioactivity assessment of the isolated epicatechin showed that it demonstrated a dose-dependent 

inhibitory action (IC50 = 18.9 µM) on LPS-induced ROS production in RAW 264.7 macrophages, which 

was statistically comparable (p ˃ 0.05) to that of ascorbic acid (IC50 = 9.57 µM) (Table 5.6 and Figure 

5.3), reiterating the antioxidant potency of epicatechin. LPS-induced ROS production has been linked 

to pro-inflammatory signalling, which can disrupt cellular processes and cause oxidative tissue injuries 

due to excessive production of superoxide ions and hydrogen peroxide (Hsu et al., 2002). Hence, it is 

plausible that the inhibitory effect of epicatechin on LPS-induced ROS production in RAW 264.7 

macrophages was linked to both antioxidant and anti-inflammatory capacities. Moreover, the inhibitory 

effect of epicatechin on LPS-induced production of proinflammatory mediators and cytokines in RAW 

264.7 macrophages has been reported (Wang et al., 2014). 

Furthermore, the isolated epicatechin demonstrated a dose-dependent glycaemic control potential. It 

had an inhibitory effect (IC50 = 18.9 µM) on α-glucosidase (Table 5.6  and Figure 5.4), suggesting it 

could be a key flavonoid influencing the α-glucosidase inhibitory activity of the potent sub-

fraction(s)/fraction(s) and extract of litchi fruit peel. In Chang cells, epicatechin exerted dose-dependent 

modulatory effect (EC50 = 78.5 µM) on glucose uptake (Table 5.6 and Figure 5.5), suggesting 

epicatechin may be effective in promoting cellular glucose uptake in cells of peripheral tissues, and may 

have influenced the glucose uptake activity of the potent sub-fractions 4 and 5 (Table 5.3). Moreover, 

documented evidence suggests that epicatechin may enhance glucose uptake by modulating insulin 

signalling via the PI3K/AKT signalling pathway and modulating the translocation of glucose 

transporters (Xu et al., 2019; Chun et al., 2022). Further studies are, however, needed to investigate this 

speculation. 

In vivo, the litchi peel ethyl acetate ameliorated fructose/STZ-induced diabetic pathologies, which may 

be influenced by the rich flavonoid profile of the extract. Although not normalized, the high dose of the 

litchi peel ethyl acetate extract (HDPE) significantly (p ˂ 0.05) reduced diabetic polyphagia (Table 
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6.2), suggesting a notable ameliorative effect of the litchi peel ethyl acetate extract, which can be further 

investigated long-term. Weekly NFBG data showed that the peel extract dose dependently reduced 

NFBG over the treatment period (Figure 6.2). Notably, the HDPE caused significant (p ˂ 0.05) 

reduction in the 2nd and 4th week of the intervention period, which was statistically comparable to that 

of metformin treatment, suggesting the blood glucose lowering potential of the peel’s ethyl acetate 

extract. Furthermore, the extract also exhibited a dose dependent glucose tolerance effect (Figure 6.3a), 

with the effect of the HDPE being significant (p ˂ 0.05) relative to the untreated diabetic animals 

(Figure 6.3b). 

While the blood glucose lowering effect of litchi peel ethyl acetate extract has been previously 

documented, the effect was demonstrated in alloxan-induced diabetic rats (Chauhan et al., 2021). The 

alloxan-induced and STZ-induced diabetic models are characterized by oxidative stress-mediated 

pancreatic β-cell damage and impaired insulin secretion (Lenzen, 2008), which suggests that the 

previously documented blood glucose lowering effect of litchi peel ethyl acetate extract (Chauhan et 

al., 2021) may be influenced by an improvement of pancreatic β-cell damage, among other possible 

mechanisms. This is because supporting antioxidant data from the study by Chauhan et al. (2021) 

showed that the ethyl acetate extract improved the pancreatic antioxidant status of the alloxan-induced 

diabetic rats. Histology data comparing the pancreas of the normal rats (NC) with that of the untreated 

(DBC) and treated (LDPE, HDPE and MET) diabetic rats further reiterate the possible ameliorative 

effect of litchi peel ethyl acetate extract on chemical (STZ)-induced pancreatic damage (Figure 6.4). 

This ameliorative effect further reflects the ability of the HDPE to significantly (p ˂ 0.05) improve 

insulin secretion in diabetic rats as shown by the significantly (p ˂ 0.05) higher serum insulin level 

compared to the untreated diabetic rats (Table 6.3). 

It is plausible that the ameliorative effect of the HDPE on STZ-induced pancreatic damage may be 

linked to their pancreatic antioxidant capacities. The data of this study showed that the HDPE treatment 

significantly (p ˂ 0.05) reduced pancreatic lipid peroxidation and concomitantly increased (p ˂ 0.05) 

systemic and pancreatic catalase and SOD activities (Table 4). Catalase and SOD are antioxidant 

enzymes that respectively catalyze the reduction deleterious superoxide ion and hydrogen peroxide (Lee 

and Park, 2021). Hence, the significantly higher pancreatic catalase and SOD activity of rats in the 

HDPE group, relative to the untreated diabetic rats suggests that the HDPE ameliorated STZ-induced 

ROS damage in the pancreatic tissue by mopping deleterious ROS. The potent in vivo antioxidant 

activity of the HDPE may be linked to notable presence of bioactive flavonoids including catechins, 

proanthocyanidins and procyanidins (Table 6.1 and Figure 6.1). Moreover, the hydroxyl radical and 

superoxide anion scavenging activity of proanthocyanidin B4, proanthocyanidin B2 and epicatechin 

isolated from litchi peel has been reported (Zhao et al., 2006), while the modulatory effect of catechins 

and proanthocyanidins in vivo antioxidant status and antioxidant enzymes activity have been 

documented (Patanè et al., 2023). Furthermore, the key bioactive flavonoids present in the peel extracts 
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may also influence its modulatory effect on insulin secretion. This is because a study has shown that 

epicatechin, a major flavonoid in the peel extract (Table 6.1 and Figure 6.1), modulates glucose-

stimulated insulin secretion in INS-1 cells (Yang and Chan, 2018). 

Other than the improvement of pancreatic antioxidant capacity, histology and insulin secretion, our 

study further suggests that there are other possibly mechanisms by which the litchi peel ethyl acetate 

extract improves glycaemic control and ameliorates diabetic pathologies, which could be linked to 

improvement of insulin action and glucose metabolism. In this study, we used fructose and low dose 

(40 mg/kg bw) STZ to induce diabetes, resulting in a model characterized by pancreatic β-cell damage 

and insulin resistance (Wilson and Islam, 2012). Moreover, the association between fructose 

consumption and insulin resistance in peripheral tissues, including the liver and muscle has been 

documented (Taskinen et al., 2019). Supporting data from our study showed that diabetes induction 

significantly (p ˂ 0.05) reduced liver and muscle glycogen content (Table 6.3). Hepatic and muscle 

glycogen storage is one of the insulin-mediated mechanisms for glycaemic control and glucose 

homeostasis (Röder et al., 2016), suggesting that diabetes induction caused impaired insulin action or 

signaling. However, the litchi peel extract caused a dose dependent increase of liver and muscle 

glycogen content in the diabetic rats. Although the effect of the litchi peel extract was not significant (p 

˃ 0.05), the effect of high dose treatment (HDPE) was comparable to that of metformin treatment (Table 

6.3), suggesting that litchi peel ethyl acetate extract potentiates glycaemic control by promoting 

glycogen storage. 

Furthermore, treatment with the peel extract, especially the high dose (HDPE) notably improved muscle 

hexokinase activity and Akt phosphorylation (Table 6.3 and Figure 6.5). Its modulatory effect on Akt 

phosphorylation was significant (p ˂ 0.05) and comparable to that of metformin treatment. Hexokinase 

is a glycolytic enzyme that initiates the cellular utilization of glucose taken up into cells of peripheral 

tissues (Wasserman, 2022). Glucose uptake and utilization are key insulin-mediated mechanisms for 

glucose homeostasis and glycaemic control. Also, Akt phosphorylation is a key molecular step in the 

signaling of cell glucose uptake by insulin (Chang et al., 2004). Hence the modulatory effect of the 

litchi peel ethyl acetate extract suggest that its bioactive constituents exert glycaemic control effect via 

modulating cellular insulin signaling, glucose uptake and utilization. Moreover, documented evidence 

has reported that epicatechin potentiates glycaemic control by modulating the IRS-1/PI3K/Akt signal 

transduction pathways, thus promoting glucose transporter type 4 (GLUT-4)-mediated cellular glucose 

uptake (Patanè et al., 2023). 

 

7.2 General conclusion 

In the present study, a bioassay-guided approach was used to elucidate the antioxidant and glycaemic 

control phytochemistry of the peel of avocado and litchi fruits. For avocado fruit peel, methanol solvent 
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was effective in extracting antioxidant phenolics. Fractionation of the peel’s methanol extract yielded a 

fraction that had a promising ability to scavenge free radical, inhibit lipid peroxidation, suppress ROS 

and NO production and modulate antioxidant enzyme activity. The fraction also showed the 

predominant presence of chlorogenic acid. Data further showed that chlorogenic acid had antioxidant 

activities that were comparable to that of the fraction and ascorbic acid. It scavenged DPPH radical 

through a single electron transfer, followed by proton transfer at its carbons 3′OH and 4′OH positions. 

For litchi fruit peel, ethyl acetate solvent effectively extracted flavonoids, such as including catechins, 

proanthocyanidins and procyanidins, which potentiated appreciable antioxidant and carbohydrate 

digestive enzymes inhibitory activities. Epicatechin isolated from the peel’s ethyl acetate extract 

demonstrated a dose-dependent inhibitory effect on α-glucosidase, modulatory effect on cellular 

glucose uptake and inhibitory effect on cellular ROS production, suggesting it is a potent antioxidant 

and glycaemic control constituent of litchi peel. In vivo, peel’s ethyl acetate extract exerted antioxidant 

and glycaemic control effects by improving pancreatic histology and antioxidant status, improving 

insulin secretion, promoting glycogen storage and modulating cellular glucose uptake and utilization, 

suggesting the ethyl acetate extract of litchi peel could be a source of bioactive flavonoids that can 

potentiate glycaemic control in diabetes and mitigate the oxidative-stress related pathologies. 

In conclusion, considering this study is bioassay-guided, it is logical to conclude that chlorogenic acid 

strongly influences the antioxidant capacity of avocado fruit peel, while flavonoids including catechins, 

proanthocyanidins and procyanidins are some of the predominant constituents influencing the 

glycaemic control and antioxidant properties of litchi peel. Future studies elucidating the medicinal 

phytochemistry of the wastes from other fruits are, therefore recommended. Understanding the 

medicinal phytochemistry of the fruit wastes may provide a platform for their effective therapeutic 

application and thus maximizing the therapeutic potential and utilization of the under-utilized wastes 

from fruits. 
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APPENDIX 

SUPPLEMENTARY MATERIALS 

Table S1: Non-polar to polar eluent system used gradient column fractionation of the EtAc extract 

Solvent system v:v:v ratio (mL) 

DCM: MEOH: WATER 9:1:0.125  

DCM: MEOH: WATER 8:2:0.1875 

DCM: MEOH: WATER 7:3:0.281   

DCM: MEOH: WATER 6:4:0.422 

DCM: MEOH: WATER 5:5:0.633 

MEOH: ETHYL: WATER 5:5:0.633 

 

 

Table S2: Yield of fractions from gradient column chromatography of the EtAc extract 

Fraction Yield (g) 

1 0.2 

2 0.12 

3 0.14 

4 0.51 

5 0.47 

6 0.81 

7 0.13 

8 0.11 
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Figure S1: ESIMS (+) spectrum of the isolated compound 

 

 

 

Figure S2: ESIMS (-) spectrum of the isolated compound 
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Figure S3: 1H NMR (400 MHz, CD3OD) spectrum of the isolated compound 

 

 

 

Figure S4: 13C NMR (100 MHz, CD3OD) spectrum of the isolated compound 
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Figure S5: HSQC spectrum (CD3OD) of the isolated compound 

 

 

Figure S6: HMBC spectrum (CD3OD) of the isolated compound 

 

© Central University of Technology, Free State



Page | 155  
 

 

 

Figure S7: COSY spectrum (CD3OD) of the isolated compound 

 

 

Figure S8: NOESY spectrum (CD3OD) of the isolated compound 
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Abstract: Oxidative stress is pivotal in the pathology of many diseases. This study investigated
the antioxidant phytochemistry of avocado (Persea americana Mill) peel. Different solvent extracts
(dichloromethane, ethyl acetate, methanol, and water) of avocado peel were subjected to total phenol
and flavonoid quantification, as well as in vitro radical scavenging and ferric reducing evaluation.
The methanol extract was subjected to gradient column chromatographic fractionation. Fraction
8 (eluted with hexane:chloroform:methanol volume ratio of 3:6.5:0.5, respectively) was subjected to
LC-MS analysis. It was assessed for cellular inhibition of lipid peroxidation and lipopolysaccharide
(LPS)-induced ROS and NO production. The DPPH radical scavenging mechanism of chlorogenic
acid was investigated using Density Functional Theory (DFT). The methanol extract and fraction
8 had the highest phenol content and radical scavenging activity. Chlorogenic acid (103.5 mg/mL)
and 1-O-caffeoylquinic acid (102.3 mg/mL) were the most abundant phenolics in the fraction. Frac-
tion 8 and chlorogenic acid dose-dependently inhibited in vitro (IC50 = 5.73 and 6.17 µg/mL) and
cellular (IC50 = 15.9 and 9.34 µg/mL) FeSO4-induced lipid peroxidation, as well as LPS-induced ROS
(IC50 = 39.6 and 28.2 µg/mL) and NO (IC50 = 63.5 and 107 µg/mL) production, while modulating
antioxidant enzyme activity. The fraction and chlorogenic acid were not cytotoxic. DFT analysis
suggest that an electron transfer, followed by proton transfer at carbons 3′OH and 4′OH positions may
be the radical scavenging mechanism of chlorogenic acid. Considering this study is bioassay-guided,
it is logical to conclude that chlorogenic acid strongly influences the antioxidant capacity of avocado
fruit peel.

Keywords: avocado peel; chlorogenic acid; antioxidant; chromatography

1. Introduction

Oxidative stress remains a culprit in the development and progression of many chronic
diseases [1]. It is caused by a disruption in the balance between the biological production of
deleterious reactive oxygen species (ROS)/reactive nitrogen species (RNS) and mitigating
antioxidant actions [2,3]. ROS and RNS play important roles in redox balance and signaling,
immune response, and cellular homeostasis [2]. However, most ROS and RNS are radical
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species, which are very reactive [3,4]. Thus, their uncontrolled production could lead to
oxidative alteration or damage of important biological molecules [1,3,4]. Oxygen, unlike
other elements that exists as bi-atomic molecules, has better stability in the triplet state of
electron spin (the state of unpaired electrons) than in the singlet state of electron spin (the
state of paired electrons), which plays a major role in the reactivity of ROS [2].

ROS and RNS are mostly by-products of biological signaling and/or metabolism.
The commonly generated ROS and RNS include hydroxyl radicals, hydrogen peroxide,
nitric oxide, peroxides, peroxynitrite, singlet oxygen, and superoxides, which are common
by-products of the mitochondrial electron transport, cytochrome P450, and NADH oxidase
pathways [5]. They have been reported to have detrimental effects on biological molecules,
which have been implicated in oxidative stress associated diseases [1,4].

Oxidative stress is a common denominator in the pathology of many chronic diseases
(diabetes, cancer, cardiovascular diseases, renal disease, mental and neurological disorders,
and pulmonary diseases) and aging due to the oxidative damage caused by ROS and RNS
on DNA, proteins, and membrane lipids [1]. Redox signaling is important for proper my-
ocardial functioning and is regulated by several kinases. Oxidative stress can dysregulate
this signaling, which can lead to cardiovascular disorders [1]. Oxidative stress can cause
oxidative damage to contractile proteins, which may lead to contractile dysfunctions and
vascular impairments [6]. ROS may induce pro-tumorigenic signaling, which may promote
cancer cell proliferation and survival [7]. In diabetic state, glycation processes can lead to
advanced glycation end product (AGE) production [8]. AGEs can induce oxidative stress,
which induces several stress-induced transcription factors and pro-inflammatory processes.
Lipid peroxidation causes oxidative modifications to biological lipids, including membrane
lipids, which compromises cell membrane integrity [1]. Oxidative modifications of lipids,
such as apo-lipoprotein B, may lead to formation of oxidized low-density lipoproteins,
which has been implicated in the pathology of atherosclerosis [1].

The body is equipped with antioxidant mechanisms to mop deleterious ROS and miti-
gate the damages caused by oxidative stress [9]. These include antioxidant enzyme systems,
such as catalase, superoxide dismutase, and glutathione-related enzyme systems, as well
as endogenous antioxidant molecules that quench pro-oxidants or enable the functioning
of antioxidant pathways [9]. Dietary or plant-derived polyphenols are known to possess
antioxidant capacity, which is key for their medicinal potential in different diseases [10].
Many fruits and vegetables contain these antioxidant phenolics, which contribute to their
health benefits [11]. Despite the antioxidant benefits of fruit consumption, studies have
shown that the non-edible wastes of many fruits are notable sources of phenolics, which is
influential in their reported medicinal properties [12–14]. For instance, the seed of avocado
fruit has ethnomedicinal applications in mental disorders and obesity [15], while the peel
has cosmetic applications [16].

Avocado fruit (Persea americana Mill) is a globally consumed fruit. The cosmetic appli-
cations and documented anticancer, antibacterial, anti-inflammatory, and anti-hypertensive
potentials of the peel have been strongly linked to its antioxidant properties [16,17]. Pheno-
lic acids, including hydroxybenzoic and hydroxycinnamic acids and flavonoids, including
anthocyanins, flavanols, flavanones, and flavonols, are some of the classes of polyphenols
reported in the avocado peel, which could contribute to its antioxidant effects [18–20]. The
radical scavenging activity of the peel extract has been documented [18–21]. Also, the
peel has been shown to exert anti-inflammatory effects in lipopolysaccharide (LPS)-treated
murine macrophage cells by suppressing TNF-α expression and NO production [18].

Despite the antioxidant and anti-inflammatory potential of avocado peel, previous
studies have not been able to link or correlate its principal phytoconstituents to its bioac-
tivity through comparative experimental analysis, which will give more insight into the
antioxidant phytochemistry of the fruit’s peel. In the present study, computational, in vitro,
and cell-based experimental models were employed to elucidate the antioxidant phyto-
chemistry of avocado fruit peel.
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2. Materials and Methods
2.1. Procurement of Fruit and Solvent Extraction of Peel

Avocado (Persea americana Mill) fruit (Var. Fuerte) was procured from a local fruit shop.
The fruits were washed, and the peel was neatly removed. The peel was air dried and
pulverized. Approximately 125 g of the pulverized peel were first defatted with hexane.
Thereafter, it was sequentially extracted with dichloromethane, ethyl acetate, methanol,
and water, respectively. Extraction was done at a sample-to-solvent ratio of 125 g:1.25 L,
respectively, on an orbital shaker [OrbiShake, Model 262, Labotec (Pty) Ltd., Johannesburg,
South Africa] set at 125 rpm. For each solvent, extraction was done three times under
ambient temperature for 72 h. The organic solvent extracts were recovered by filtering,
evaporating [Buchi Rotavapor® R-300, Labotec (Pty) Ltd., Johannesburg, South Africa], and
drying under a fume hood. The water extract was recovered by filtering and freeze-drying
(Martin Christ Alpha 1–2 LDplus Freeze Dryer, Separations, Johannesburg, South Africa).
Tannins were removed from the methanol extract via solid-phase extraction in a polyamide
column. All extracts were stored at −20 ◦C.

2.2. Preliminary Phenolic Content and In Vitro Antioxidant Activity Measurements

Total phenol and flavonoid content and Fe3+ reducing antioxidant activity (FRAP),
as well as 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), and NO radical scavenging activities were measured in the extracts
using methods reported in previous publications. For total phenol and flavonoid content,
FRAP, and NO radical scavenging activity, the methods reported by Chukwuma et al. [12]
were used. For DPPH and ABTS radical scavenging activities, the methods reported by [22]
were used. For the antioxidant assays, ascorbic acid and Trolox were used as the positive
controls. For all the above-mentioned assays, the extracts and the positive controls were
tested at a concentration of 45 µg/mL.

2.3. Fractionation of the Methanol Extract

About 4.1 g of the methanol extract (without tannin) was subjected to a gradient
column (silica gel) fractionation. Thin layer chromatography (TLC) was first used to
determine the appropriate solvent system for the gradient column fractionation. The
mobile phase started with a solvent system volume ratio of 8:1.5:0.5 (hexane, chloroform,
and methanol, respectively) and ended with a volume ratio of 0:9:1 (hexane, chloroform,
and methanol, respectively). Collected fractions with fairly similar TLC profiles were
pooled together into nine different groups labelled as fractions 2 to 10. The fractions were
recovered by air drying.

2.4. Antioxidant Evaluation of Fractions

Total phenol and flavonoid content, FRAP, and DPPH and ABTS radical scavenging
activities were measured for all the 9 fractions and compared to positive controls (ascorbic
acid and Trolox). For all the above-mentioned assays, the fractions and positive controls
were tested at a concentration of 25 µg/mL.

Fraction 8 (a pool of fractions with similar TLC profile), obtained from a mobile phase
solvent system volume ratio of 3:6.5:0.5 (hexane, chloroform, and methanol, respectively),
had the highest total phenol content and the most potent FRAP and radical scavenging
activity compared to the other fractions. Thus, fraction 8 was subjected to LC-MS analysis.

2.5. Liquid Chromatography—Mass Spectroscopic (LC-MS) Quantification

To perform the LC-MS protocol, the following were used: A Waters Synapt G2 (Waters
Corporation, Milford, MA, USA), ESI probe, and ESI Pos, at a 15 V cone voltage. The
operation of liquid chromatography was done using an Acquity binary solvent manager.
The chromatographic column used was a HSS T3 (Waters Corporation, Milford, MA,
USA). It had a dimension of 2.1 × 150 mm and a particle size of 1.8 µm. Two solvent
systems (A and B) were used as the mobile phase. Solvent system A was water containing
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0.1% methanoic acid, while solvent system B was acetonitrile containing 0.1% methanoic
acid. A 0.25 mL/min flow rate was applied for the gradient chromatographic separation at
30 ◦C. The gradient condition followed the following sequence: 100% (A):0% (B), 10 min;
72% (A):28% (B), 21 min; 60% (A):40% (B), 50 s; 0% (A):100% (B), 2 min. The fraction was
dissolved in a mixture of acetonitrile and water (1:1 v/v), passed through a 0.22 µm filter,
and injected at a volume of 20 µL. The signals of the separated compounds were recorded
at 254 nm. Using the accurate masses, the compounds in the fraction were tentatively
determined and semi-quantified (mg/L) relative to rutin standard, and according to the
extracted ions.

2.6. Dose-Dependent Antioxidant Evaluation of Fraction 8 and Chlorogenic Acid

Dose-dependent in vitro and cell-based models were used to compare the antioxidant
effect of fraction 8 with that of chlorogenic acid, which, together with 1-O-caffeoylquinic
acid (1-CQA), were the most abundant compounds in the fraction. Commercial chlorogenic
acid (5-O-caffeoylquinic or 5-CQA) purchased form Merck, Johannesburg, South Africa,
was used for the assays.

2.6.1. Measurement of Dose-Dependent DPPH Radical Scavenging Activity

The dose-dependent DPPH radical scavenging activity of the samples and positive
controls (ascorbic acid and Trolox) were measured at 3.75, 7.5, 15, 30, and 60 µg/mL
concentrations.

2.6.2. Measurement of Linoleic Acid Peroxidation Inhibition

The ability of fraction 8 and chlorogenic acid to inhibit FeSO4-induced (FS) linoleic
acid peroxidation was performed. The detailed protocol for this assay has recently been
reported in our publication [23]. In summary, linoleic acid (50 mM) peroxidation was
induced using FeSO4·7H2O (FS) (2 mM in assay volume) after pre-treatment with the
different concentrations (5, 10, 20, 40, and 80 µg/mL in assay volume) of the samples and
ascorbic acid (positive control). The thiobarbituric acid (TBA) method was used to measure
the level of lipid peroxidation. Absorbance readings at 532 nm were used to compute the
inhibitory potential of the tested samples on linoleic acid peroxidation as follows:

Inhibition (%) =

(
ANegative control − ANormal control

)
− (ATest − ANormal control)(

ANegative control − ANormal control

) × 100
1

where “A” means “absorbance readings”; the “Normal control” denotes reaction with
sample solvent or vehicle, without FS; the “Negative control” denotes reaction with sample
solvent or vehicle and FS; and the “Test” denotes reaction with sample and FS.

2.6.3. Measurement of the Antioxidant Capacity in Chang Cells

The effect of the tested samples (fraction 8 and chlorogenic acid) and ascorbic acid
(positive control) on lipid peroxidation and the activity of key antioxidant enzymes was
measured in Chang liver cells (ATCC® CCL-13™) induced with oxidative stress. The
detailed protocol for this assay has recently been reported in our publication [23]. In
summary, oxidative stress was induced in cultured cells using FS (1 mM in assay volume)
after pre-treatment with the different concentrations (10, 20, 40, and 80 µg/mL in assay
volume) of the fraction 8, chlorogenic acid and ascorbic acid. The thiobarbituric acid
(TBA) method was used to measure the level of lipid peroxidation in the cell lysate, which
was extrapolated from an MDA standard plot as thiobarbituric acid reactive substances
(TBARS). Also, the activities of catalase and superoxide dismutase (SOD) were measured
in the lysate of cells treated with the highest concentration (80 µg/mL) of the samples
using the following assay kits purchased from Merck, Johannesburg, South Africa: Catalase
Assay Kit (catalog number: CAT100) and SOD Assay Kit (product number: 19160). The
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inhibitory potential of the tested samples on lipid peroxidation was computed using the
formula below:

Inhibition (%) =

(
TNegative control − TNormal control

)
− (TTest − TNormal control)(

TNegative control − TNormal control

) × 100
1

where “T” is the level of lipid peroxidation in the form of TBARS; the “Normal control”
denotes cells treated with the sample solvent/vehicle, without FS; the “Negative control”
denotes cells treated with the sample solvent/vehicle and FS; and the “Test” denotes cells
treated with the sample and FS.

2.6.4. Measurement of ROS and NO Production Inhibition in RAW 264.7 Cells

The effect of the tested samples (fraction 8 and chlorogenic acid) and ascorbic acid
(positive control) on ROS and NO production was measured in RAW 264.7 macrophages
[American Type Culture Collection (ATCC) Rockville, MD, USA; ATCC No.: TIB-71 ™]
treated with lipopolysaccharide (LPS) (Merck, Johannesburg, South Africa). For ROS and
NO production assays, the methods reported by Marrazzo et al. [24] and Njoya et al. [25]
were adopted, respectively, with slight modifications.

RAW 264.7 macrophages were grown in Roswell Park Memorial Institute (RPMI)
1640 medium (Separations, Johannesburg, South Africa) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin in a CO2 incubator (EC 160, N
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Separations, Johannesburg, South Africa) under standard cell culture conditions (37 ◦C
in a humidified environment with 95% air and 5% CO2). At about 80% confluence, the
cells were trypsinized with 0.25% trypsin/EDTA (Cytiva Hyclone, USA) and split at a
ratio of 1:5 for further passaging. Next, the cytotoxic effect of the tested samples on
the RAW 264.7 macrophages was measured at concentrations of (6.25–100 µg/mL) using
standard MTT assay protocol.

For the ROS and NO production inhibition assay, confluent RAW 264.7 macrophages
were seeded in black/clear-bottom 96-well plate at a density of 10,000 cells per well and
incubated for 24 h. The cells were then pre-treated for 2 h with the tested samples. For
the ROS production inhibition assay, the cells were treated at sample concentrations of
25, 50, and 100 µg/mL in incubation volume. For the NO production inhibition assay
the cells were treated at sample concentrations of 6.25, 12.5, 25, 50, and 100 µg/mL in
incubation volume. Some wells were assigned the control and negative control groups,
which contained cells treated with the sample solvents/vehicle (≤0.5% DMSO). Next, LPS
(200 ng/mL in final incubation volume) was added to the wells containing the samples
and the wells assigned as the negative control group, while an equivalent volume of the
0.5% DMSO was added to the wells assigned as the control group. The plates were further
incubated for 24 h.

To analyze the cells for ROS production, the cells were washed with phosphate
buffered saline (PBS). Next, 100 µL of fresh FBS-free culture medium, containing a
2′,7′dichlorodihydrofluorescein diacetate (DCFH-DA) (Merck, South Africa) fluorescent
probe (10 µM in incubation volume), was added into each well with minimal exposure to
light, and the plates were further incubated for 30 min. Thereafter, the media containing
the fluorescent probe was replaced with PBS, and fluorescence was measured at 485 nm
(excitation) and 535 nm (emission) using a SpectraMax iD3 multi-mode microplate reader
(Molecular Devices, San Jose, USA). Also, cell images were obtained using a Leica DM
IL LED inverted fluorescent microscope (Separations, Johannesburg, South Africa). The
inhibitory potential of the tested samples on ROS production was calculated as follows:

Inhibition (%) =

(
FNegative control − FNormal control

)
− (FTest − FNormal control)(

FNegative control − FNormal control

) × 100
1
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where “F” means “fluorescence reading”.
To analyze the cells for NO production post-LPS treatment, 100 µL of the incubation

medium from each well of the 96-well microtitre plates was aliquoted into designated
wells of a new 96-well transparent plate. An equal volume of Griess reagent (Merck, South
Africa) was added to the wells and the plate was kept in the dark at room temperature
for 15 min. Absorbance values were measured at 540 nm. The concentration of nitrite
(µM) was calculated from a sodium nitrite standard linear plot (y = 0.0029x + 0.0114). The
inhibitory potential of the tested samples on NO production was calculated as follows:

Inhibition (%) =

(
CNegative control − CNormal control

)
− (CTest − CNormal control)(

CNegative control − CNormal control

) × 100
1

where “C” is the nitrite concentration (µM) extrapolated from the sodium nitrite standard plot.

2.7. IC50 Computation

The IC50 values of the tested samples were computed on GraphPad Prism 7 and/or
MS excel 2016 software using the non-linear or linear plot of transformed (log 10) sample
concentrations (x-axis) versus the corresponding inhibitory bioactivities.

2.8. Statistical Analysis

Experimental data was presented as mean ± standard deviation of triplicate analysis
(n = 3). The statistical analysis was done on the IBM SPSS Statistics (Windows version 29.0)
software using the one-way ANOVA and Tukey post-hoc multiple comparative analysis.
Statistical significance was set at p < 0.05.

2.9. Density Functional Theory (DFT) Analysis

The hydrogen atom transfer (HAT), single electron transfer followed by proton transfer
(SET-PT), and sequential proton loss followed by electron transfer (SPLET) mechanisms
were used to computationally study the DPPH radical scavenging activity of chlorogenic
acid. The equations below sequentially denote the mechanisms for HAT, SET-PT, and
SPLET, respectively.

ArOH + R• → ArO• + RH

ArOH + R• → ArOH•+ + R− → ArO• + RH

ArOH + R• → ArO− + R• → ArO• + R− → ArO• + RH

where ArO•, ArO−, ArOH•+, R−, and RH denote phenolic radical, phenolic anion, phenolic
cation, anion radical, and neutral molecule, respectively.

Geometry optimization of all the reaction species was performed using B3LYP together
with the 6-311++g (d,p) basis set. This computational method is largely used for radical
scavenging mechanisms and has been shown to accurately estimate the geometries and
thermodynamic parameters of the reaction species [26]. The bond dissociation enthalpy
(BDE), adiabatic ionization potential (AIP), proton dissociation enthalpy (PDE), proton
affinity (PA), and electron transfer enthalpy (ETE) (in kcal/mol) of the reaction species
for the capture of the DPPH radical by chlorogenic acid (5-CQA) were computed for a
methanol-solvent-based reaction, which are parameters that inform the above-mentioned
radical reaction mechanism.

3. Results

The methanol extract of the fruit peel had the highest (p < 0.05) total phenol, while
the ethyl acetate extract had the highest (p < 0.05) total flavonoid content compared to
the other extracts (Table 1). The Fe3+ reducing antioxidant activity of the methanol and
dichloromethane extracts was significantly (p < 0.05) more potent than that of the other
extracts and Trolox, but significantly (p < 0.05) less potent than that of ascorbic acid (Table 1).
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The DPPH, ABTS, and NO radical scavenging activity of the methanol extract were stronger
than those of the other extracts and in some instances stronger and/or comparable to those
of ascorbic acid and Trolox (Table 1).

Table 1. Total phenol and flavonoid contents and in vitro Fe3+ reducing and radical scavenging
activity of crude extract at 45 µg/mL.

Groups
Total Phenol

Content
(mg/g GAE)

Total Flavonoid
Content

(mg/g QE)

Fe3+ Antioxidant
Capacity

(mg/g GAE)

DPPH Radical
Scavenging
Activity (%)

ABTS Radical
Scavenging
Activity (%)

NO Radical
Scavenging
Activity (%)

DCM 612 ± 48.2 b 6.94 ± 0.76 a 163 ± 0.61 b 68.1 ± 5.80 b 55.0 ± 5.31 b 52.9 ± 2.26 d

EtAc 142 ± 3.60 a 15.8 ± 2.24 b 31.8 ± 1.95 a 29.1 ± 1.26 a 31.8 ± 3.98 a 33.4 ± 4.78 c

MeOH 829 ± 48.6 c 8.17 ± 0.60 a 162 ± 0.42 b 93.9 ± 2.79 c 96.3 ± 3.14 c 62.6 ± 3.03 d

Water 157 ± 2.62 a 7.49 ± 0.19 a 38.7 ± 0.16 a 35.2 ± 1.80 a 40.8 ± 0,96 a 29.8 ± 6.51 bc

Asc N/A N/A 253 ± 28.1 c 87.5 ± 5.86 c 99.8 ± 0.16 c 11.1 ± 3.46 a

Trolox N/A N/A 57.1 ± 4.77 a 94.6 ± 1.25 c 98.1 ± 3.10 c 20.0 ± 2.21 ab

“ABTS”, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); “Asc”, ascorbic acid; “DCM”, dichloromethane
extract; “DPPH”, 2,2-diphenyl-1-picrylhydrazyl; “EtAc”, ethyl acetate extract; “GAE”, gallic acid equivalent;
“MeOH”, methanol extract; “N/A”, not applicable; “NO”, nitric oxide; “QE”, quercetin equivalent. Data are
presented as mean ± SD of triplicate analysis. For each assay, the superscript letters represent significant
differences (p < 0.05) between groups when there are no similar letters.

Among the fractions (fractions 2 to 10) obtained from the methanol extract, fraction
8 consistently showed the highest (p < 0.05) total phenol content, as well as DPPH and ABTS
radical scavenging and Fe3+ reducing antioxidant activity (Table 2). The antioxidant activity
of fraction 8 was statistical comparable to that of ascorbic acid and/or Trolox (Table 2).

Table 2. Total phenol and flavonoid contents and in vitro Fe3+ reducing and radical scavenging
activity of crude extract at 25 µg/mL.

Groups Total Phenol Content
(mg/g GAE)

Total Flavonoid
Content (mg/g QE)

DPPH Radical
Scavenging (%)

ABTS Radical
Scavenging (%)

Fe3+ Antioxidant
Capacity (mg/g GAE)

F2 195 ± 1.42 ab 17.1 ± 4.00 ab 44.2 ± 1.57 bc 13.7 ± 0.21 b 24.8 ± 3.75 ab

F3 238 ± 12.5 bc 47.3 ± 4.10 cd 55.6 ± 1.03 c 40.9 ± 3.03 f 45.2 ± 2.52 b

F4 175 ± 4.21 a 84.45 ± 12.4 e 40.8 ± 1.37 ab 44.5 ± 0.03 f 46.4 ± 0.51 b

F5 236 ± 10.6 bc 8.04 ± 3.05 a 32.5 ± 5.6 a 30.1 ± 0.65 e 29.6 ± 0.51 ab

F6 252 ± 10.1 cd 29.3 ± 8.10 bc 43.2 ± 5.64 ab 22.5 ± 1.53 d 30.6 ± 6.49 ab

F7 339 ± 3.60 e 63.7 ± 14.9 de 68.8 ± 1.26 d 6.57 ± 0.01 a 25.6 ± 1.26 ab

F8 519 ± 48.6 f 39.4 ± 5.28 bc 90.8 ± 9.10 e 89.4 ± 4.65 g 96.7 ± 15.9 c

F9 288 ± 11.2 d 7.00 ± 0.40 a 51.9 ± 2.87 bc 15.4 ± 0.65 bc 19.0 ± 2.83 a

F10 179 ± 18.7 a 23.6 ±7.47 ab 44.7 ± 0.33 b 20.6 ± 1.32 cd 44.3 ± 17.7 b

Asc N/A N/A 85.5 ± 1.32 e 99.4 ± 0.15 h ND
Trolox N/A N/A 90.5 ± 2.52 e 99.9 ± 0.06 h 89.1 ± 13.0 c

“ABTS”, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); “Asc”, ascorbic acid; “DPPH”, 2,2-diphenyl-1-
picrylhydrazyl; “F2” to “F10”, fraction 2 to fraction 10; “GAE”, gallic acid equivalent; “N/A”, not applicable;
“ND”, not determined; “QE”, quercetin equivalent. Data are presented as mean ± SD of triplicate analysis. For
each assay, the superscript letters represent significant differences (p < 0.05) between groups when there are no
similar letters.

LC-MS analysis of fraction 8 showed the presence of several phenolic compounds, with
chlorogenic acid (5-CQA) and 1-O-caffeoylquinic acid (1-CQA) being the compounds with
the highest concentrations (Table 3, Figure 1, and Supplementary Material). Chlorogenic
acid (5-CQA) was the compound of interest in this study.
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Table 3. LC-MS data of fraction 8.

Identified Compounds Ontology ART (min) AMz Average Conc. (mg/L)

4-Hydroxy-3-prenylbenzoic acid
glucoside Phenolic glycosides 3.176 413.14206 0.1

Microperfuranone Butenolides 3.423 265.08621 0.5
Eudesmic acid Gallic acid and derivatives 4.359 211.05984 0.1

Butalactin Gamma butyrolactones 4.554 241.07141 0.1

Chlorogenic acid Quinic acids and
derivatives 4.72 353.08762 103.5

4-Hydroxybenzoic acid Hydroxybenzoic acid
derivatives 4.917 137.02409 0.1

Mycophenolic acid Phthalides 5.014 319.12024 0.1

1-O-caffeoylquinic acid Quinic acids and
derivatives 5.029 353.0867 102.3

Caffeic acid Hydroxycinnamic acids 5.164 179.0349 1.0
Quercetin 3-lathyroside Flavonoid-3-O-glycosides 5.445 595.1261 21.9

Rutin Flavonoid-3-O-glycosides 5.671 609.14667 1.0
Quercetin 3-galactoside Flavonoid-3-O-glycosides 5.816 463.08737 30.0

Crepidiaside A O-glycosyl compounds 5.868 421.14926 0.1

Gibberellin A17 C20-gibberellin
20-carboxylic acids 6.048 377.16031 0.1

Quercetin 3-[rhamnosyl-(1->2)-
alpha-L-arabinopyranoside] Flavonoid-3-O-glycosides 6.055 579.13745 14.2

Quercitrin Flavonoid-3-O-glycosides 6.145 447.09045 43.4
Azelaic acid Medium-chain fatty acids 6.41 187.09761 16.2

3-[4-[1-(4-Hydroxy-3-
methoxyphenyl)-1.3-

dihydroxyisopropoxy]-2-
hydroxyphenyl]propyl

alpha-L-rhamnopyranoside

Lignan glycosides 6.426 509.20142 0.1

Quercetin Flavonols 6.978 301.03497 3.0

Corchorifatty acid F Lineolic acids and
derivatives 7.748 327.21799 0.1

Acrostalidic acid Naphthopyrans 10.332 277.1442 5.4
Kopetdaghin A Sesquiterpenoids 10.488 383.22238 0.5

Xanthoxin Sesquiterpenoids 11.134 249.14981 16.5
etretinate Retinoid esters 11.38 353.21255 4.2

3-Oxo-4.6-choladienoic acid Bile acids. alcohols
and derivatives 12.203 369.24011 3.4

1.1′-[1.11-
Undecanediylbis(oxy)]bisbenzene Phenol ethers 13.462 339.23151 108.8

Canrenone Steroid lactones 14.821 339.19983 10.9

ART means “average retention time”; AMz means “average mass-to-charge ratio”; Conc. means “concentration”.
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Dose-dependently, the DPPH radical scavenging activity of fraction 8 was statistically
(p > 0.05) as potent as chlorogenic acid, ascorbic acid, and Trolox (Table 4 and Figure 2a).

© Central University of Technology, Free State



Antioxidants 2024, 13, 456 9 of 17

Although not significantly (p > 0.05), the inhibitory effect of fraction 8 (IC50 = 5.73 µg/mL)
and chlorogenic acid (IC50 = 6.17 µg/mL) on FS-induced linoleic acid peroxidation was
stronger than that of ascorbic acid (IC50 = 8.41 µg/mL) (Table 4 and Figure 2b).

Table 4. IC50 values for the dose-dependent activities of the tested samples.

Assays
Fraction 8 Ascorbic Acid Trolox Chlorogenic Acid

IC50 Values (µg/mL)

DPPH radical scavenging 5.59 ± 1.75 ab 6.50 ± 2.18 ab 2.41 ± 0.46 b 8.84 ± 1.44 a

Anti-linoleic acid peroxidation 5.73 ± 1.10 8.41 ± 3.33 ND 6.17 ± 1.26

Anti-lipid peroxidation in Chang liver cells 15.9 ± 3.16 a 5.74 ± 0.66 b ND 9.34 ± 2.40 b

Inhibition of ROS production in RAW 264.7 cells 39.6 ± 3.05 a 8.08 ± 1.83 c ND 28.2 ± 2.50 b

Inhibition of NO production in RAW 264.7 cells 63.5 ± 4.89 c 203 ± 26.8 a ND 107 ± 2.06 b

“ND” means “not determined”. Data are presented as mean ± SD of triplicate analysis. For each assay, the
superscript letters attached to each data represent significant differences (p < 0.05) between groups when there are
no similar letters.
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Figure 2. Dose-dependent (a) DPPH radical scavenging and (b) anti-linoleic acid peroxidative
activities of fraction 8 and chlorogenic acid. Data are presented as mean ± SD of triplicate analysis.
For each assay, the letters at the top of the bars represent significant differences (p < 0.05) between
groups when there are no similar letters.

© Central University of Technology, Free State



Antioxidants 2024, 13, 456 10 of 17

In Chang cells induced with oxidative stress, the anti-lipid peroxidative of ascorbic acid
(IC50 = 5.74 µg/mL) was significantly (p < 0.05) and non-significantly (p > 0.05) stronger
than that of fraction 8 (IC50 = 15.9 µg/mL) and chlorogenic acid (IC50 = 9.34 µg/mL),
respectively (Table 4 and Figure 3a). Nevertheless, fraction 8, chlorogenic acid, and ascorbic
acid (at 80 µg/mL) appreciably mitigated oxidative stress-induced depletion of catalase
and SOD enzymes in the Chang cells (Figure 3b).
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Figure 3. (a) Dose-dependent anti-lipid peroxidative and (b) antioxidant enzyme modulatory activi-
ties of fraction 8 and chlorogenic acid in FS-treated Chang cells. Data are presented as mean ± SD
of triplicate analysis. For each assay, statistical comparison was done between the controls (control
and negative control) and treatment groups at a given concentration or among the treatment groups
at a given concentration. The letters at the top of the bars represent significant differences (p < 0.05)
between groups when there are no similar letters. “FS” means FeSO4·7H2O.
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Although not as potent as ascorbic acid (IC50 = 8.08 µg/mL; p < 0.05), fraction 8
(IC50 = 39.6 µg/mL) and chlorogenic acid (IC50 = 28.2 µg/mL) showed promising inhibition
of LPS-induced ROS production in RAW 264.7 macrophages (Table 4 and Figure 4). How-
ever, the ability of fraction 8 (IC50 = 63.5 µg/mL) and chlorogenic acid (IC50 = 107 µg/mL) to
inhibit NO production in LPS-treated RAW 264.7 macrophages significantly (p < 0.05) outper-
formed that of ascorbic acid (IC50 = 203 µg/mL) (Table 4 and Figure 5a). Interestingly, both
fraction 8 and chlorogenic acid were not toxic to the RAW 264.7 macrophages (Figure 5b).
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Figure 4. Dose-dependent inhibitory effect of fraction 8 and chlorogenic acid on ROS production in
LPS-treated RAW 264.7 macrophages. Data are presented as mean ± SD of triplicate analysis. The
letters at the top of the bars represent significant differences (p < 0.05) between groups when there are
no similar letters. “LPS” means lipopolysaccharide.
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The DFT analysis data are presented in Table 5 and Figure 6. Figure 6a depicts the 
chemical structure of 5-CQA and the selected hydroxyl group numbering, as well as the 
lowest energy structural conformer of chlorogenic acid (5-CQA). Figure 6b shows the elec-
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Figure 5. Dose-dependent inhibitory effect of fraction 8 and chlorogenic acid on (a) NO production
in LPS-treated RAW 264.7 macrophages and (b) the viability of RAW 264.7 macrophages. Data are
presented as mean ± SD of triplicate analysis. Data are presented as mean ± SD of triplicate analysis.
Statistical comparison was done between the controls (control and negative control) and treatment
groups at a given concentration or among the treatment groups at a given concentration. The letters
at the top of the bars represent significant differences (p < 0.05) between groups when there are no
similar letters. “LPS” denotes “lipopolysaccharide”.
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The DFT analysis data are presented in Table 5 and Figure 6. Figure 6a depicts the
chemical structure of 5-CQA and the selected hydroxyl group numbering, as well as the
lowest energy structural conformer of chlorogenic acid (5-CQA). Figure 6b shows the
electron spin density of the optimized structures of 5-CQA radicals for HAT mechanism of
DPPH radical scavenging.

Table 5. Bond dissociation enthalpy (BDE), adiabatic ionization potential (AIP), proton dissociation
enthalpy (PDE), proton affinity (PA), and electron transfer enthalpy (ETE) obtained (in kcal/mol) of
the reaction species for the capture of the DPPH radical via 5-CQA.

Structure * HAT SET-PT SPLET

BDE AIP PDE PA ETE

kcal/mol

5-CQA-1OH 27.6 22.0 5.6 14.0 13.6

5-CQA-3OH 24.7 22.0 2.6 22.1 2.6

5-CQA-4OH 27.1 22.0 5.0 24.1 3.0

5-CQA-3′OH 2.6 22.0 −19.4 5.0 −2.4

5-CQA-4′OH 2.1 22.0 −19.9 5.3 −3.2
* The numbers 1, 3, 4, 3′, and 4’ denote the position of the eliminated hydrogen from 5-CQA.
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For the HAT mechanism, 5-CQA-4′OH H-atom abstraction appears to be the favored
mechanism for quenching DPPH radical according to the low BDE value (Table 5) and
stable electron distribution on the phenolic radical (Figure 6b). For the SET-PT mechanism,
the proton transfer step is more highly favored at positions 3′ and 4′ based on the low PDE
values (Table 5). Overall, the SET-PT mechanism at the 5-CQA-3′OH and 5-CQA-4′OH
positions appear to be the preferred mechanism for DPPH radical scavenging compared to
the HAT and SPLET mechanisms due to the low enthalpy values (Table 5).

4. Discussion

Oxidative stress is pivotal in the pathological outcomes of many diseases, which has
been linked to the oxidative damage caused by deleterious ROS on biological molecules [1].
The peel of avocado fruit has been shown to have antioxidant effects [18–20]. In this study,
we presented the antioxidant phytochemistry of avocado fruit peel.

The highly reactive nature of biological radicals notably influences their ability to
oxidatively damage biomolecules. Plant polyphenols, on the other hand, are known radical
scavengers, due to their ability to transfer hydroxyl H-atom and form stable phenoxy
radicals [27]. Also, the iron-chelating ability of polyphenols contributes to their antioxi-
dant potential [28]. In the present study, the methanol extract of avocado fruit peel had
the highest polyphenol content and consistently had the highest radical scavenging and
Fe3+ reducing activity relative to the other extracts (Table 1). Although not on the same
variety, previous studies have documented the potent radical scavenging effects of the
peel’s methanol extract [21,29]. Consistent with our study, the methanol extract was more
potent than ethyl acetate extract [29]. Among all the fractions form the methanol extract,
fraction 8 had the most potent radical scavenging and Fe3+ reducing activity (Table 2).
The activity correlates with the total phenol content (Table 2), confirming the influence of
polyphenols on the radical quenching potential of plants. Supporting documented evidence
has also shown correlations between the phenolic contents of avocado peel extract and its
radical scavenging and in vitro antioxidant capacity [20,29]. In fact, relative to the pulp
and seed, studies have shown that the peel possessed more phenolic content, and thus had
stronger radical scavenging and antioxidant capacity [20,30,31].

Previous studies have reported the presence of phenolic acids, including hydroxy-
benzoic and hydroxycinnamic acids and flavonoids, including anthocyanins, flavanols,
flavanones, and flavonols in avocado peel [18–20], which were partly identified in fraction
8 (Table 3). Also, the phenol content of fraction 8 was higher than the flavonoid content
(Table 2), which suggests phenolic compounds may have influenced its antioxidant ca-
pacity more than the flavonoids. A consistent trend of data has previously been reported
in fractions obtained from the methanol and ethyl acetate extracts of peel of an avocado
variety grown in Ampelgading, Indonisa [28]. It was shown that the phenolic content
contributed more to the radical scavenging and ferric reducing activity of the fractions than
the flavonoids content [28]. In the study, 1,2,4-trihidroksiheptadek-12,16-diyne and 1,2,4-
trihidroksiheptadek-16-yne-18-ene were identified as the possible antioxidant compounds
in the fraction obtained from the methanol and ethyl acetate extracts, respectively [28].
However, this study [28], like other studies [18–20], did not compare the antioxidant activity
of the identified compounds with that of the potent extracts or fractions in which they were
identified. Thus, the study was not able to ascertain whether the identified compounds
influence the antioxidant capacity of the peel extracts or fractions. This suggests a gap in
these studies and provides the rationale and relevance of our study.

In our study, there was a predominant presence of chlorogenic and 1-O-caffeoylquinic
acid in fraction 8 (Table 3). Chlorogenic acid and derivatives have been reported in avocado
peel [Rodríguez-Martínez; Hirasawa]. The data of our study further showed that the radical
scavenging activity chlorogenic acid was comparable to that of fraction 8 and ascorbic
acid (Table 4 and Figure 2a), suggesting that chlorogenic acid may strongly influence the
antioxidant effect of fraction 8. Moreover, chlorogenic acid is a known dietary phenolic acid
with antioxidant and anti-inflammatory potentials [32–34]. Further computational DFT
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analysis suggests that the favored radical scavenging mechanism of chlorogenic acid is a
single electron transfer followed by proton transfer at 3′OH and 4′OH positions (Table 5
and Figure 6).

Furthermore, the radical scavenging potency of fraction 8 and chlorogenic acid (Table 4)
may be relevant in their anti-lipid peroxidative attributes. This is because during lipid
peroxidation free radicals can oxidatively attack biological lipids, including membrane
lipids, compromising cell integrity, and exacerbating oxidative stress [35]. In vitro and in
Chang cells, fraction 8 and chlorogenic acid dose-dependently inhibited lipid peroxidation
(Table 4 and Figures 2b and 3a). In Chang cells, the anti-lipid peroxidative effect of
fraction 8 and chlorogenic acid was accompanied by the modulation of SOD and catalase
activities (Figure 3b), which are key antioxidants enzymes. The anti-lipid peroxidative
and antioxidant enzyme modulatory effect of chlorogenic acid was comparable to that
of ascorbic acid and fraction 8, suggesting chlorogenic acid may notably influence the
anti-lipid peroxidative effect of fraction 8. Moreover, the anti-lipid peroxidative and
antioxidant enzyme modulatory effect of chlorogenic acid has been documented in animal
disease models [36,37].

In LPS-treated RAW 264.7 macrophages, fraction 8 and chlorogenic acid dose-dependently
suppressed oxidative stress by suppressing ROS production (Table 4 and Figure 4). This
data, together with the potent anti-lipid peroxidative and antioxidant enzyme modu-
latory action of chlorogenic acid (Figure 3) strongly supports the documented modu-
latory action of chlorogenic acid on biological redox status [32,33,36,37], and further
supports its notable contribution to the antioxidant properties of avocado peel. Fur-
thermore, both fraction 8 and chlorogenic acid dose-dependently suppressed NO pro-
duction in LPS-treated RAW 264.7 macrophages (Table 4 and Figure 5a) without causing
cytotoxicity (Figure 5b). In fact, they outperformed ascorbic acid. Immune myeloid
cells, like macrophages, are known to produce more cytokines and NO in response to
inflammatory signals [38]. Thus, the inhibitory action of fraction 8 on NO production
in RAW 264.7 macrophages induced with inflammation suggests an anti-inflammatory
potential. Through the suppressive action on LPS-induced NO production and TNF-α
expression in RAW 264.7 macrophages, existing data have shown the anti-inflammatory
action of the hydroalcoholic extract of avocado peel [18]. Data of our study further shows
that the anti-inflammatory potential of avocado peel may be strongly influenced by the
presence of chlorogenic acid, considering the promising suppressive effect of chlorogenic
acid on LPS-induced NO production (Table 4 and Figure 5a). Moreover, chlorogenic acid
has been reported to potentiate anti-inflammatory action by moderating the production
and action of inflammatory mediators, including TNF-α, IL-1β, IL-6, IL-8, NO, and PGE2,
while modulating signaling processes associated with NF-κB, MAPK, Nrf2, etc. [34].

5. Conclusions

In this study, a bioassay-guided approach was used to elucidate the antioxidant
phytochemistry of avocado peel. Fractionation of the peel’s methanol extract yielded a
fraction that had promising ability to scavenge free radical, inhibit lipid peroxidation,
suppress ROS and NO production and modulate antioxidant enzyme activity. The fraction
also showed the predominant presence of chlorogenic acid. Data further showed that
chlorogenic acid had antioxidant activities that were comparable to that of the fraction and
ascorbic acid. It scavenged DPPH radical through a single electron transfer, followed by
proton transfer at its carbons 3′OH and 4′OH positions. Considering that our investigation
was bioassay-guided, it is logical to conclude that chlorogenic acid is a bioactive principle
that notably influences the antioxidant capacity of avocado fruit peel.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox13040456/s1.
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Abstract: Bioactive flavonoid epicatechin has been reported in the peel of litchi fruit but isolated
from its hydroalcoholic extracts. This study isolated epicatechin with cellular glucose uptake mod-
ulatory and ROS production inhibitory properties from the ethyl acetate (EtOAc) extract using a
bioassay-guided approach. The fruit peel was defatted with hexane and sequentially extracted
using dichloromethane (DCM), EtOAc, methanol (MeOH) and water. In vitro phytochemical mod-
els, namely antioxidant (Fe3+ reducing, radical scavenging and anti-linoleic acid peroxidative) and
glycaemic control (α-glucosidase and α-amylase inhibitory and glucose uptake modulatory), were
employed for the bioassay-guided isolation, while the isolated compound was characterised using
NMR and mass spectrometry and assessed for dose-dependent inhibition of α-glucosidase and
lipopolysaccharide (LPS)-induced cellular ROS production, as well as modulation of cellular glucose
uptake. Relative to the other extracts, the EtOAc extract had appreciable phenol and flavonoid
contents, which perhaps influenced its potent anti-lipid peroxidative (65.0%) and α-glucosidase
inhibitory (52.4%) effects. The α-glucosidase inhibitory potency of the fractions (1–8) from the EtOAc
extracts correlated with their flavonoid contents, with fraction 5 outperforming other fractions. The
fraction comprised a pool of fractions obtained from the DCM:MeOH:water (7:3:0.281 v/v/v) solvent
system. LC-MS revealed the predominant presence of epicatechin in fraction 5, which was later
isolated from one of the sub-fractions (sub-fraction 4) of fraction 5. This sub-fraction had stronger
anti-lipid peroxidative (65.5%), α-glucosidase inhibitory (65.8%) and glucose uptake modulatory
(38.2%) effects than the other sub-fractions from fraction 5, which could have been influenced by the
isolated epicatechin. Moreover, the isolated epicatechin inhibited α-glucosidase (IC50 = 35.3 µM),
modulated cellular glucose uptake (EC50 = 78.5 µM) and inhibited LPS-induced ROS production
in RAW 264.7 macrophages in a dose-dependent fashion [IC50 = 18.9 µM; statistically comparable
(p > 0.05) to ascorbic acid, IC50 = 9.57 µM]. Epicatechin from litchi peel EtOAc extract could potentiate
glucose uptake modulatory, α-glucosidase inhibitory and ROS suppressive capacities, which could
be influential in the use of litchi fruit peel for managing diabetes and associated oxidative damage.
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1. Introduction

Diabetes remains a global health concern as it detrimentally affects the socio-economic
sphere of many countries around the world. This has been aggravated by its ever-increasing
prevalence, projected to increase from 537 million adults in 2021 to 783 million adults
in 2045 [1]. The disease is classically characterised by high blood glucose caused by
abnormal nutrient metabolism. Type 2 diabetes (T2D) remains the most prevalent type of
diabetes [1], possibly because it is influenced by lifestyle-related factors, including dieting,
weight gain and physical inactivity [2]. Insulin resistance is the main pathologic condition
in T2D. Typically, it causes impaired metabolism of glucose. This includes drastically
reduced uptake of circulating glucose into active cells of peripheral tissues due to the non-
responsiveness of these cells to insulin signalling, which contributes to hyperglycaemia [3].

Hyperglycaemia-induced oxidative stress is pivotal in developing diabetic complica-
tions due to oxidative damages caused by reactive oxygen species (ROS) produced during
persistent hyperglycaemia [4]. Notably, there is an elevated generation of superoxide
radicals in respiring cells during hyperglycaemia [4]. Elevated radical production can
trigger lipid peroxidation. ROS can oxidatively damage the lipid bilayer of cells through
lipid peroxidation, comprising the integrity of the cells [4]. Moreover, lipid peroxidation
processes can lead to the generation of more deleterious radical by-products, which can
worsen oxidative stress. Furthermore, persistent hyperglycaemia can increase the rate of
glycation of other biomolecules. This leads to the generation of advanced glycation end
products (AGEs), biomarkers implicated in degenerative diseases like diabetes [4].

While there are many medications for managing diabetes and associated oxidative
complications, dietary phytochemicals are increasingly becoming popular supplements to
mitigate oxidative stress and manage metabolic diseases [5]. Many fruits are believed to
contain antioxidant phenolics that influence their health benefits [6]. Litchi chinensis Sonn.
(Sapindaceae) is a tropical and subtropical fruit with high commercial value due to its global
consumption. It is known to have nutritional value and medicinal benefits [7]. Studies
have shown that the fruit has antioxidant, anti-hyperglycaemic, anti-hypertensive, anti-
obesogenic, anti-dyslipidaemic and hepatoprotective potentials [7]. Due to its commercial
value, enormous amounts of by-products, including the peel and seeds, are generated
from its processing, which contains bioactive phenolic compounds in their free and bound
forms [8]. Thus, the fruit’s wastes could be of medicinal relevance.

In the context of antidiabetic potential, a previous review [9] has shown that more
studies have been conducted on the seed of litchi fruit than the peel, warranting the need for
more studies to probe the antidiabetic potential of the peel. The few antidiabetic studies that
have been conducted suggest that fruit peel has glycaemic control potential. A study has
shown that hydroalcoholic extracts of litchi peel have mild and strong inhibitory activity
on α-amylase and α-glucosidase, respectively [10], suggesting its potential to suppress
postprandial glycaemia. In another study, the peel flour and procyanidin-rich fraction from
the peel reduced blood glucose and improved blood lipid profile in high-fat-diet-fed rats
and mice [11,12]. A recent study further showed that litchi peel ethanol extract ameliorated
T2D pathologies in db/db mice by reducing blood glucose, hepatic gluconeogenesis,
oxidative stress and associated inflammatory responses [13]. Phytochemical assessments
suggest that several key flavonoids, including catechins, procyanidins, proanthocyanidins,
quercetin, rutin and their derivatives, may be influential in the antioxidant and other
pharmacological properties of litchi peel [14–16].

The trend of previous diabetes-related pharmacological studies on litchi peel suggests
that the focus has mostly been on the hydroalcoholic extracts, with limited studies on other
extracts, such as the ethyl acetate extract [9]. Solvent extraction using ethyl acetate allows
hydrogen bond formation with carboxyl and hydroxyl groups. It thus can result in the ex-
traction of medium-polar to polar phenolics and/or flavonoids [17], which could influence
potent medicinal properties. In fact, documented qualitative evidence has shown that litchi
peel hydroalcoholic and ethyl acetate extracts have relatively similar proportions of phe-
nolic compounds and flavonoids [18]. Concomitant pharmacological evidence in diabetic
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rats further suggests that the blood glucose lowering and antioxidant effect of litchi peel
ethyl acetate extract outperforms that of the hydroalcoholic extract [18], suggesting that the
ethyl acetate extract of litchi peel could also be a source of flavonoids with antioxidant and
glycaemic control potential. However, this has not been explored and thus remains elusive.
Previous studies reporting the isolation of some bioactive flavonoids (proanthocyanidin
B4, proanthocyanidin B2 and epicatechin) from litchi peel were from the hydroalcoholic
extract and not the ethyl acetate extract [14,15]. Thus, there is a need to explore litchi peel
ethyl acetate extract as a source of key bioactive flavonoids. Therefore, in this study, we, for
the first time, isolated a key bioactive flavonoid (epicatechin) from litchi peel ethyl acetate
extract using an antioxidant and glycaemic control assay-guided approach, thus providing
an alternative optimum approach to recovering bioactive epicatechin from litchi peel and
more insight into the antidiabetic and antioxidant phytochemistry of litchi peel.

2. Materials Methods
2.1. Litchi Fruit Peel and Solvent Extraction

Litchi fruit (McLean’s Red cultivar) was purchased from a local fruit and vegetable
store in Bloemfontein, South Africa. The fruit was washed with clean water. The peel was
removed and oven-dried (Model No. 072160, Prolab instrument, Sep Sci., Johannesburg,
South Africa) at 30 ◦C. The dried peel was pulverised. Approximately 300 g of the pul-
verised dried peel was defatted with 1.5 L of hexane and then sequentially extracted using
1.5 L of dichloromethane (DCM), ethyl acetate (EtOAc), methanol (MeOH) and water in
order of increasing polarity. The extraction was done for 48 h at room temperature on an
orbital shaker [OrbiShake, Model 262, Labotec 106 (Pty) Ltd., Johannesburg, South Africa]
set at 125 rpm. The extraction was performed twice for each solvent. The DCM, EtOAc
and MeOH extracts were concentrated using a Buchi 108 Rotavapor® R-300 [Labotec (Pty)
Ltd., Johannesburg, South Africa] and dried under a fume hood. The water extract was
recovered by freeze drying (Martin Christ Alpha 1–2 LDplus Freeze Dryer 110, Separations,
Johannesburg, South Africa). The extracts were weighed, transferred into clean screw-cap
vials and stored at −20 ◦C.

2.2. Screening the Phenolic, Flavonoid, Antioxidant and Glycaemic Control Properties of Extracts

The extracts were screened at a concentration of 55 µg/mL. The total phenol and
flavonoid contents were measured using previously described methods [19]. The total
phenol and flavonoid contents were expressed in equivalents of gallic acid (mg/g GAE)
and quercetin (mg/g QE), respectively.

For the antioxidant screening, the Fe3+ reducing (FRAP), 2,2-diphenyl-1-picrylhydrazyl
(DPPH), 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and NO radicals
scavenging and anti-linoleic acid peroxidative models were used, which were performed
according to the protocols reported previously [19–21]. Ascorbic acid and Trolox were used
as the positive control drugs.

For the glycaemic control screening, the extracts were tested for their ability to inhibit
the activity of α-glucosidase and α-amylase, which was performed by adopting previously
reported protocols [20]. Acarbose was used as the positive control drug.

2.3. Bioassay-Guided Fractionation of the Ethyl Acetate Extract and Isolation/Purification of
Pure Compounds

A flow diagram of the fractionation and isolation protocol is presented in Figure 1.
The extract was subjected to a silica gel 60 (0.040–0.063 mm Merck) gradient column
chromatography, starting with a solvent system (DCM:MeOH:water; 9:1:0.125 v/v/v),
which was pre-determined by thin layer chromatography (TLC). The column was run with
a decreasing volume of DCM, an increasing volume of MeOH and water, as shown in
the Supplementary Materials (Table S1). The fractions obtained were pooled into 8 main
fractions (Table S1) based on their TCL profiles. The fractions were identified as fractions 1
to 8.
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Figure 1. Schematic representation of the isolation of compounds from the ethyl acetate extract of
litchi peel.

The total phenol and flavonoid contents, as well as the antioxidant (FRAP, DPPH and
ABTS radicals scavenging activity) and glycaemic control (α-glucosidase and α-amylase
inhibition) potentials of the fractions were measured at a concentration of 35 µg/mL
according to protocols previously reported [19,20].

Based on the bioactivity results obtained, fraction 5, which comprises a pool of fractions
(29–37) obtained from a solvent system gradient of 7:3:0.281 v/v/v (DCM:MeOH:water),
was selected for further fractionation using a Sephadex (Merck, Johannesburg, South Africa)
column with 100% methanol as the solvent system. Also, LC-MS was used to chemically
profile fraction 5 according to a protocol reported previously [22]. Using the accurate
masses and extracted ions, the compounds in the fraction were tentatively determined and
semi-quantified (mg/L) relative to catechin calibration and according to the extracted ions.

Seven sub-fractions were obtained from fraction 5 after separation in a Sephadex
column. The in vitro radical (DPPH and ABTS) scavenging, anti-linoleic acid peroxidative,
α-glucosidase inhibitory and cellular glucose uptake modulatory activities of the sub-
fractions were measured at 20 µg/mL using methods reported in previous studies [20,21].

Chang cells were used to measure the cellular glucose uptake modulatory activity
of the sub-fractions, and a previous protocol [20] was adopted after some modifications.
Chang cells (ATCC® CCL-13™; American Type Culture Collection Rockville, MD, USA)
were cultured in a CO2 incubator using DMEM-high glucose media supplemented with
10% FBS (Separations, Johannesburg, South Africa). At confluence, the cells were seeded
into a 48-well plate at a density of 15,000 cells per well. After 24 h of incubation, the spent
media was replaced with 350 µL of fresh media containing the sub-fractions (20 µg/mL in
incubation medium). After 24 h of incubation, the media was aspirated, and the cells were
washed with PBS. Next, 350 µL of RPMI media (diluted to 8 mM glucose concentration)
containing the sub-fractions (20 µg/mL in incubation medium) was added to the wells.
Designated wells were used as the media (containing media without cells) and control
(containing media with untreated cells) groups. The plate was incubated for 3 h. There-
after, 20 µL aliquot from each well was diluted 24 times with distilled water and glucose
concentration (in mg/mL) was measured in the diluted aliquots against a glucose standard
curve (y = 9.766x + 0.0585) using a Glucose (GO) Assay Kit (Merck, Johannesburg, South
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Africa), which was then converted to concentration in millimolar (mM). The glucose uptake
activity (%) of the control and test groups was computed relative to the media group using
the following formula:

Glucose uptake activity(%) =
GCmedia − GCcontrol or test

GCmedia
× 100

where “GC” is the glucose concentration in millimolars (mMs).
The glucose uptake modulatory activity of the sub-fractions was computed rela-

tive to the control by subtracting the glucose uptake activity of the control from that of
each fraction.

Based on the bioactivity data obtained from the subfractions, subfraction 4 was further
subjected to preparative TLC (20 × 20 cm glass-backed, 0.25 mm silica plates) for the
isolation of bioactive compound(s). The solvent system used was DCM: MEOH (9:1) with
5 drops of formic acid. The UV-active substances were scraped off, washed with acetone
and methanol consecutively and recovered by filtration.

2.4. Nuclear Magnetic Resonance (NMR) Spectroscopy and Mass Spectrometry (MS)

The 1H and 13C NMR spectra were acquired using a Bruker Avance 400 MHz spec-
trometer. Deuterated DMSO solvent was used, and the working temperature was 25 ◦C.
For 1H resonances (0 ppm), tetramethylsilane (TMS) was employed as an internal standard.
The standard pulse sequences and processing macros given in the original program were
used for advanced and two-dimensional spectra such as 13C APT/DEPT and 2D COSY,
NOESY, HSQC and HMBC.

The compound(s) were subjected to low-resolution mass spectrometry. The MS ex-
periment used an MD Sciex 3200 QTrap equipped with an electrospray (Turbo-ion spray)
ionisation source.

2.5. Antioxidant and Glycaemic Control Examination of Isolated Compound

The isolated compound was assessed for dose-dependent antioxidant and glycaemic
control potential using the following experimental models.

2.5.1. Measuring the Inhibition of Lipopolysaccharide (LPS)-Induced ROS Production in
RAW 264.7 Cells

The protocol reported in a recent study [22] was adopted for this assay after adding
some modifications. RAW 264.7 macrophages [American Type Culture Collection (ATCC)
Rockville, MD, USA); ATCC No.: TIB-71™] were cultured in a CO2 incubator (EC 160, N

1

ϋ

⍺

ve;
Separations, Johannesburg, South Africa) using RPMI 1640 medium supplemented with
10% FBS under standard culture conditions. At appreciable confluence, 10,000 cells were
seeded into the wells of a black/clear-bottom 96-well plate. The plate was incubated for
24 h before treating the cells with increasing concentrations (8.75, 17.5, 35, 70 and 140 µM)
of the isolated compound and ascorbic acid (positive control). The treatment lasted for
2 h. Designated wells were used as the control and negative control groups, which were
cells treated with water or DMSO (≤0.5%). After the 2 h treatment period elapsed, LPS
(200 ng/mL in final incubation volume) was introduced into all the wells except those
labelled as the control group. Rather, an equivalent volume of the LPS solvent was added to
the control group wells. The plate was incubated for an additional 24 h. Thereafter, the cells
were washed with PBS and exposed to 10 µM (dissolved in FBS-free culture medium) 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA) (Merck, Johannesburg, South Africa)
fluorescent probe for 30 min, which was performed in the dark. After the incubation
period elapsed, the DCFH-DA-containing medium in the wells was replaced with PBS, and
the fluorescence intensity of each well was measured at 485 nm (excitation) and 535 nm
(emission) using a SpectraMax iD3 multi-mode microplate reader (Molecular Devices, San
Jose, USA). Also, the images of the cells were visualised using a Leica DM IL LED inverted
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fluorescent microscope (Separations, Johannesburg, South Africa). The capacity of the
compound or ascorbic acid to inhibit ROS production was computed as follows:

Inhibition (%) =

(
FNegative control − FNormal control

)
− (FTest − FNormal control)(

FNegative control − FNormal control

) × 100
1

where “F” is the fluorescence intensity.

2.5.2. Measuring the α-Glucosidase Inhibitory Potential of Isolated Compound

The dose-dependent α-glucosidase inhibitory potential of the isolated compound was
measured according to a previously reported method [20] and was compared to that of
acarbose. The isolated compound and acarbose were tested at the following concentrations:
3.75, 7.5, 15, 30 and 60 µM.

2.5.3. Measuring the Glucose Uptake Activity of Isolated Compound in Chang Cells

The glucose uptake activity of the isolated compound was measured according to the
glucose uptake protocol reported in Section 2.3 above. The glucose uptake activity of the
isolated compound was tested at increasing concentrations (10, 20, 40 and 80 µM) and was
compared to the activity of a 2 µM Metformin solution (positive control).

2.6. Data and Statistical Analysis

The data obtained were in triplicate analysis and were reported as the mean ± standard
deviation. The IBM SPSS Statistics (Windows version 29.0) software was used to compute
statistical significance (p < 0.05) when comparing the data (n = 3) between groups. The
one-way ANOVA and Tukey post hoc were adopted for multiple comparative analyses.

The IC50 and EC50 values were computed from a non-linear fit of the transformed
(Log10) tested concentrations versus the inhibitory or modulatory activities using GraphPad
Prism 7 (Windows Version) software.

3. Results and Discussion

The antidiabetic and antioxidant potential of litchi peel has been documented [9–13].
However, these studies and the isolation of bioactive flavonoids (epicatechin and proantho-
cyanidins) from litchi peel have mostly been done on the hydroalcoholic extracts [9–15].
Documented evidence suggests that the ethyl acetate extract of litchi peel may possess
stronger in vivo antidiabetic and antioxidant potential than the hydroalcoholic extract [18]
and may be a source of the key bioactive flavonoids in litchi peel. However, the ethyl
acetate extract of litchi peel has not been explored in this context. In this study we used
bioassay-guided isolation to demonstrate for the first time that the ethyl acetate extract of
litchi peel can be an alternative source to recover epicatechin with cellular glucose uptake
modulatory and ROS production suppressive capacities.

3.1. Phytochemical and Bioactive Profiles of the Peel Extracts

Extraction of the peel with DCM, EtOAc, MEOH and water yielded 17.3 (5.74%), 2.51
(0.84%), 63.1 (21.0%) and 12.6 g (4.20%) of extracts, respectively. The EtOAc extract had
the highest (p < 0.05) total phenol content. In contrast, the MeOH and EtOAc extracts had
significantly (p < 0.05) higher total flavonoid contents than the DCM and water extracts
(Table 1). The rich phenolic and flavonoid profile of the EtOAc extract could be linked
to its ability to form hydrogen bonds with carboxyl and hydroxyl groups. It thus can
extract medium polar to polar phenolics and/or flavonoids [17]. Perhaps the phenolic and
flavonoid profile of the EtOAc extract also influenced its FRAP, radical scavenging and anti-
linoleic acid peroxidative activities, which were stronger than those of the other extracts and
statistically comparable (p > 0.05) to those of ascorbic acid and/or Trolox (Table 1). Phenolics
have the ability to form stable phenoxy radicals, which influences their ability to scavenge
radicals and chelate metals, making them good antioxidants [23,24]. Moreover, qualitative

© Central University of Technology, Free State



Antioxidants 2024, 13, 1233 7 of 16

phytochemical analysis of litchi peel EtOAc extract and hydroalcoholic extracts has shown
the presence of phenolic compounds and flavonoids in a relatively similar fashion and
could be influential in the potent radical scavenging, FRAP and anti-lipid peroxidative
activities demonstrated by the ethyl acetate and methanol extracts (Table 1) [14–16].

Table 1. Total phenol and flavonoid contents and in vitro Fe3+ reducing, radical scavenging anti-
linoleic acid peroxidative and enzyme inhibitory activities of crude extracts at 55 µg/mL.

Extracts
and
Standards

TPC (mg/g
GAE)

TFC (mg/g
QE)

FRAP (mg/g
GAE) DPPH (%) ABTS (%) NO (%) AnLP (%) AGI (%) AAI (%)

DCM 39.7 ± 1.35 a 35.3 ± 9.71 a 151 ± 5.77 a 46.1 ± 5.07 a 43.6 ± 0.43 b 5.63 ± 2.77 a 33.6 ± 6.28 a 5.10 ± 3.54 a 9.84 ± 4.64 a

EtOAc 435 ± 22.4 c 109.5 ± 12.1 c 600 ± 54.7 c 83.3 ± 2.01 b 96.6 ± 0.26 d 15.0 ± 5.22 b 65.0 ± 3.48 b 52.4 ± 4.63 d 33.7 ± 7.42 bc

MeOH 152 ± 2.41 b 126 ± 13.0 c 381 ± 10.5 b 44.8 ± 8.55 a 81.9 ± 0.89 c 10.0 ± 0.68 ab 35.9 ± 3.68 a 34.1 ± 3.14 c 13.8 ± 5.16 a

Water 55.9 ± 1.75 a 68.9 ± 3.32 b 179 ± 11.9 a 36.1 ± 1.56 a 23.1 ± 1.10 a 22.2 ± 1.21 c 28.0 ± 4.65 a 17.6 ± 5.18 b 25.7 ± 4.09 ab

Asc N/A N/A 879 ± 12.0 d 45.3 ± 5.03 a 97.9 ± 0.06 de 4.41 ± 1.82 a ND N/A N/A
Trolox N/A N/A 657 ± 16.9 c 91.9 ± 3.49 b 99.3 ± 1.10 e 13.5 ± 2.05 b 84.1 ± 5.12 c N/A N/A
Aca N/A N/A N/A N/A N/A N/A N/A 88.3 ± 1.31 e 43.6 ± 11.1 c

“AAI”, α-amylase inhibitory activity; “ABTS”, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical scav-
enging activity; “Aca”, acarbose; “AGI”, α-glucosidase inhibitory activity; “AnLP”, anti-linoleic acid peroxidation
activity; “Asc”, ascorbic acid; “DCM”, dichloromethane extract; “DPPH”, 2,2-diphenyl-1-picrylhydrazyl radical
scavenging activity; “FRAP”, Fe3+ reducing antioxidant power; “EtOAc”, ethyl acetate extract; “GAE”, gallic acid
equivalent; “MeOH”, methanol extract; “N/A”, not applicable; “ND”, not determined; “NO”, nitric oxide radical
scavenging activity; “QE”, quercetin equivalent; “TFC”, total flavonoid content; “TPC”, total phenol content. Data
are presented as mean ± SD of triplicate analysis. For each assay, the superscript letters represent significant
differences (p < 0.05) between groups when there are no similar letters.

Compared to the other extracts, the EtOAc extract has the highest (p < 0.05) α-
glucosidase and α-amylase inhibitory activities (Table 1). The MeOH has moderate α-
glucosidase inhibitory activity. The EtOAc and MeOH extracts show a stronger inhibitory
activity on α-glucosidase than α-amylase, which is consistent with a recent report, where
litchi peel hydroalcoholic extracts showed more potent inhibition on α-glucosidase than
α-amylase [10]. The enzyme inhibitory effect of the polar extracts of litchi peel has been
linked to the presence of notable flavonoids such as quercetin glycosides, proanthocyani-
din, catechins and derivatives, etc. [10], which are also known to exert enzyme inhibitory
action [25]. α-Glucosidase inhibitors exert glycaemic control by reducing postprandial
blood glucose [26], reiterating the anti-hyperglycaemic potential of litchi peel.

3.2. Phytochemical and Bioactive Profiles of the Fractions and Sub-Fractions from the EtOAc
Peel Extract

Gradient column chromatography yielded fractions that were pooled into eight major
fractions (fractions 1–8) based on their TLC profiles (Table S2). Although fraction 5 has the
lowest total phenol content, its flavonoid content is significantly (p < 0.05) higher than other
fractions (Table 2), which suggests that this fraction may contain some of the key bioactive
flavonoids reported in litchi peel [10,14–16].

In fact, LC-MS analysis of fraction 5 showed the notable presence of epicatechin,
among other flavonoids (Table 3 and Figure 2), which may have influenced its more robust
(p < 0.05) α-glucosidase and α-amylase inhibitory activity relative to the other fractions
(Table 2). Moreover, the enzyme inhibitory activity of epicatechin and derivatives has
been documented [27–29]. Fraction 5 also showed appreciable ABTS radical scavenging
activity (Table 2) and thus was selected for further fractionation and isolation of bioactive
flavonoids.
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Table 2. Total phenol and flavonoid contents and in vitro Fe3+ reducing, radical scavenging and
enzyme inhibitory activities of fractions from the crude ethyl acetate extract at 35 µg/mL.

Fractions and
Standards TPC (mg/g GAE) TFC (mg/g QE) FRAP (mg/g GAE) DPPH (%) ABTS (%) AGI (%) AAI (%)

F1 361 ± 66.0 de 42.2 ± 8.43 b 167 ± 3.08 d 40.7 ± 6.98 bc 80.6 ± 1.42 a 22.0 ± 4.44 a 14.1 ± 4.98 ab

F2 322 ± 55.2 d 71.7 ± 5.65 c 166 ± 3.12 d 34.7 ± 4.67 bc 80.1 ± 1.73 a 37.7 ± 5.31 bc 15.1 ± 3.19 ab

F3 220 ± 19.5 bc 73.5 ± 8.55 c 124 ± 16.5 b 14.9 ± 1.30 a 77.9 ± 6.00 a 49.3 ± 8.13 cd 22.9 ± 9.33 b

F4 195 ± 19.7 ab 70.8 ± 16.0 c 78.3 ± 12.2 a 27.8 ± 6.27 ab 97.6 ± 2.22 d 37.5 ± 5.98 bc 7.20 ± 3.57 a

F5 133 ± 25.8 a 104 ± 6.11 d 122 ± 6.70 b 28.3 ± 5.14 b 98.2 ± 1.17 d 68.1 ± 1.51 e 36.7 ± 4.86 c

F6 287 ± 4.33 cd 54.1 ± 7.50 bc 166 ± 1.36 d 39.4 ± 8.08 bc 98.0 ± 0.06 d 31.7 ± 7.40 ab 6.39 ± 1.82 a

F7 422 ± 3.88 e 18.9 ± 2.93 a 179 ± 2.05 de 43.1 ± 1.05 c 97.4 ± 2.21 d 18.4 ± 1.87 a 14.6 ± 2.30 ab

F8 186 ± 16.4 ab 18.2 ± 2.12 a 145 ± 4.87 c 38.2 ± 0.73 bc 96.9 ± 1.08 cd 21.9 ± 5.52 a 10.8 ± 3.74 ab

Asc N/A N/A 290 ± 4.36 f 41.4 ± 1.89 c 90.3 ± 1.88 bc N/A N/A
Trolox N/A N/A 192 ± 3.93 e 79.0 ± 4.13 d 87.0 ± 1.50 ab N/A N/A
Aca N/A N/A N/A N/A N/A 65.8 ± 2.76 e 39.9 ± 3.45 c

“AAI”, α-amylase inhibitory activity; “ABTS”, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical
scavenging activity; “Aca”, acarbose; “AGI”, α-glucosidase inhibitory activity; “Asc”, ascorbic acid; “DPPH”,
2,2-diphenyl-1-picrylhydrazyl radical scavenging activity; “FRAP”, Fe3+ reducing antioxidant power; “GAE”,
gallic acid equivalent; “N/A”, not applicable; “QE”, quercetin equivalent; “TFC”, total flavonoid content; “TPC”,
total phenol content. Data are presented as mean ± SD of triplicate analysis. For each assay, the superscript letters
represent significant differences (p < 0.05) between groups when there are no similar letters.

Table 3. LC-MS data of fraction 5.

Identified Compounds Ontology ART (min) AMz Total Score Peak Height Conc.
(mg/L)

Procyanidin B5 Biflavonoids and
polyflavonoids 8.241 577.13507 7.6791 1280 0.3

Pseudolaroside
B;(-)-Pseudolaroside B Hydrolysable tannins 8.802 329.0878 7.4069 2855 0.7

Butyl
3-O-caffeoylquinate

Quinic acids and
derivatives 9.147 409.15076 7.3007 3121 0.8

Glucosyringic
acid;Syringin
4-O-beta-glucoside

Hydrolysable tannins 9.722 359.09879 7.349 5648 1.4

Epicatechin Catechins 12.133 289.07214 8.0017 370,407 94.5

Kievitone hydrate 8-prenylated
isoflavanones 13.707 373.13028 4.7465 14,903 3.8

Garcimangosone D Phenolic glycosides 14.2 391.1037 7.3375 4686 1.2
5-hydroxy-2-(4-
hydroxyphenyl)-7-
{[3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-
2-yl]oxy}-3,4-dihydro-
2H-1-benzopyran-4-one

Flavonoid-7-O-
glycosides 15.163 433.11365 7.5754 1137 0.3

Garcimangosone D Phenolic glycosides 15.254 391.1037 7.0551 1280 0.3

Polydine Flavonoid-7-O-
glycosides 16.175 421.11395 7.3603 4486 1.1

Isolariciresinol
9’-O-beta-D-glucoside Lignan glycosides 16.435 521.20264 7.1728 7835 2.0

Quercetin 3-galactoside Flavonoid-3-O-
glycosides 16.659 463.0878 7.7967 16,029 4.1

Aspalathin 2’-Hydroxy-
dihydrochalcones 16.834 451.12402 7.1687 7039 1.8

Aurasperone C Naphthopyranones 16.843 591.15076 7.5058 27,229 6.9
Isolariciresinol
9’-O-beta-D-glucoside Lignan glycosides 16.97 521.20251 6.0419 25,518 6.5

Aurovertin G C-glycosyl compounds 17.308 491.19247 6.3281 50,720 12.9
Hovenitin I Epigallocatechins 17.492 333.06146 8.0014 9169 2.3

Avicularin Flavonoid-3-O-
glycosides 17.611 433.07831 6.7129 46,840 11.9

Quercitrin Flavonoid-3-O-
glycosides 18.322 447.09387 7.9544 46,688 11.9
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Table 3. Cont.

Identified Compounds Ontology ART (min) AMz Total Score Peak Height Conc.
(mg/L)

Ethyl 7-epi-12-
hydroxyjasmonate
glucoside

Fatty acyl glycosides of
mono- and
disaccharides

18.513 415.19803 6.1113 294 0.1

Kaempferol 3-alpha-L-
arabinopyranoside Flavonoid glycoside 18.969 417.08301 7.5182 11,122 2.8

Phlorizin Polyphenol glycoside 19.097 435.1297 7.9116 24,326 6.2

“ART”, average retention time”; “AMz”, average mass-to-charge ratio; “Conc.”, concentration.

1 
 

 

Figure 2. LC-MS chromatogram of fraction 5.

Subjecting fraction 5 to Sephadex chromatography yielded seven sub-fractions, which
were assessed for their radical scavenging, anti-lipid peroxidative, α-glucosidase inhibitory
and cellular glucose uptake activities. The anti-lipid peroxidative and α-glucosidase
inhibitory activities of sub-fractions 4 and 5 significantly (p < 0.05) outperform the activities
of the other sub-fractions (Table 4). In fact, at a tested concentration of 20 µg/mL, their
anti-lipid peroxidative and α-glucosidase activities were comparable to that of Trolox
and acarbose, respectively. The data suggest that the epicatechin principle in fraction 5
(Table 3 and Figure 2) may have been eluted in sub-fractions 4 and 5, which influenced
their potent activities. Moreover, the protective effect of epicatechin and derivatives on
lipid peroxidative damage [30,31], as well as their α-glucosidase inhibitory effects [27–29],
have been documented.

Table 4. In vitro radical scavenging, anti-linoleic acid peroxidative, enzyme inhibitory and glucose
uptake modulatory activities of sub-fractions at 20 µg/mL.

Sub-Fractions and
Standards DPPH (%) ABTS (%) AnLP (%) AGI (%) GUMA (%)

SBF1 37.7 ± 4.26 cd 84.8 ± 3.96 bc 25.9 ± 7.00 ab 22.4 ± 2.69 a NAD
SBF2 26.7 ± 6.24 abc 72.8 ± 1.34 a 19.9 ± 2.21 a 36.4 ± 4.03 ab NAD
SBF3 22.1 ± 3.81 ab 72.1 ± 4.63 a 38.7 ± 5.52 b 46.8 ± 12.7 bc 14.0 ± 6.92 a

SBF4 32.2 ± 6.36 bcd 86.8 ± 2.54 c 65.5 ± 8.95 c 65.8 ± 2.85 d 38.2 ± 5.81 c

SBF5 26.1 ± 1.99 abc 87.1 ± 0.90 c 60.1 ± 3.72 c 56.0 ± 3.00 cd 28.0 ± 2.47 b

SBF6 18.2 ± 4.00 a 91.8 ± 4.31 c 29.6 ± 7.80 ab 29.2 ± 6.00 a NAD
SBF7 15.3 ± 4.89 a 86.0 ± 1.71 c 23.4 ± 6.95 ab 23.9 ± 5.22 a 11.7 ± 3.28 a

Asc 40.0 ± 2.06 d 75.9 ± 2.77 ab ND N/A N/A
Trolox 68.2 ± 3.87 e 76.6 ± 1.83 ab 70.7 ± 4.05 c N/A N/A
Aca N/A N/A N/A 58.8 ± 4.04 cd N/A

“ABTS”, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical scavenging activity; “Aca”, acarbose; “AGI”,
α-glucosidase inhibitory activity; “AnLP”, anti-linoleic acid peroxidation activity; “Asc”, ascorbic acid; “DPPH”,
2,2-diphenyl-1-picrylhydrazyl radical scavenging activity; “GUMA”, glucose uptake modulatory activity; “N/A”,
not applicable; “ND”, not determined. Data are presented as mean ± SD of triplicate analysis. For each assay, the
superscript letters represent significant differences (p < 0.05) between groups when there are no similar letters.

Furthermore, sub-fractions 4 and 5 show stronger (p < 0.05) glucose uptake modulatory
activities relative to the other sub-fractions in Chang cells (Table 4). However, sub-fraction
4 is not as potent as sub-fraction 5 (p < 0.05). Cellular glucose uptake is a key mechanism
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in physiological glucose homeostasis, which is impaired during T2D due to insulin resis-
tance [3]. Thus, the potent glucose uptake modulatory activity of sub-fraction 4 suggests it
contains flavonoid(s) that can potentiate glycaemic control via improving insulin signalling
and cellular glucose uptake and utilisation. Epicatechin was the most plausible influencing
bioactive flavonoids of sub-fraction 4 because it was the most abundant flavonoid in the
parent fraction (fraction 5) (Table 3 and Figure 2). It is a dietary supplement reported to
improve cellular insulin sensitivity and glucose tolerance in obese and T2D individuals [32].
Hence, sub-fraction 4 was probed further to isolate bioactive epicatechin.

3.3. Spectrometric and Bioactive Profiles of Isolated Epicatechin

Epicatechin was isolated from sub-fraction 4 using preparative TLC as a light/pale
yellow powder. The spectral data of epicatechin (Figure 3) is as follows: ESI-MS+: m/z 291
[M + H]+, 313 [M + Na]+ and 387 [M + K]+ (Figure S1); ESI-MS−: m/z 289 [M − H]−, 325
[M + Cl]− and 579 [2M − H]− (Figure S2). 1H-NMR spectrum (400 MHz, CD3OD) is as
shown in Table 5: δH 6.99 (1H, s, H-2′), δH 6.80 (1H, dd, J = 8.2 Hz, H-6′), δH 6.78 (1H, d,
8.1 Hz, H-5′), δH 5.96 (1H, d, H-6), δH 5.94 (1H, d, H-8), δH 4.84 (1H, brs, H-2), δH 4.19 (1H,
s, H-3), δH 2.88 (1H, dd, J = 4.3, 16.8 Hz, H-4axi) and δH 2.75 (1H, dd, H-4eq), see Table 1.
13C-NMR (100 MHz, CD3OD): δC 156.6 (C-5), 156.3 (C-8a), 156.0 (C-7), 144.6 (C-3′), 144.4
(C-4′), 130.9 (C-1′), 113.9 (C-2′), 118.0 (C-6′), 114.5 (C-5′), 98.7 (C-4a), 95.0 (C-6), 94.5 (C-8),
78.5 (C-2), 66.1 (C-3) and 27.9 (C-4).
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Figure 3. Structure of (+)-Epi-catechin.

The 1H-NMR (400 MHz) spectrum of the compound showed four groups of chemical
shift values attributable to the flavonoid’s skeleton [33]. The first group at δH 6.99 (1H, s,
H-2′), δH 6.80 (1H, dd, J = 8.2 Hz, H-6′) and δH 6.78 (1H, d, 8.1 Hz, H-5′) form an ABX
system (trisubstituted benzene ring-B of flavonoids); the second group at δH 5.96 (1H, d,
H-6) and δH 5.94 (1H, d, H-8) correspond to an AX system (tetrasubstituted benzene ring-A
of flavonoids); the third and fourth groups formed by two oxymethine protons at δH 4.84
(1H, brs, H-2) and δH 4.19 (1H, s, H-3); and two methylene anisotropic protons at δH 2.88
(1H, dd, J = 4.3, 16.8 Hz, H-4axi) and δH 2.75 (1H, dd, H-4eq) (Figure S3) are attributable
to proton 2, 3 and 4 of saturated ring C of flavan-3-ol type flavonoid, respectively [33,34].
The 13C-NMR (100 MHz, CD3OD) spectrum indicated the presence of 15 carbon atoms
[five oxygenated aromatic carbons at δC 156.6 (C-5), 156.3 (C-8a), 156.0 (C-7), 144.6 (C-3′)
and 144.4 (C-4′); five aromatic methine carbons at 113.9 (C-2′), 118.0 (C-6′), 114.5 (C-5′),
95.0 (C-6) and 94.5 (C-8); two aromatic quaternary carbons at 130.9 (C-1′) and 98.7 (C-4a);
two aliphatic oxygenated methine carbons at 78.5 (C-2) and 66.1 (C-3), and one aliphatic
methylene carbon at 27.9 (C-4)] (Figure S4). The DEPT 135 spectrum confirms the presence
of one methylene and seven methine carbons. All the above above-mentioned information
confirms compound 1 to be a flavan-3-ol flavonoid type [35]. In the HSQC, HMBC, COSY
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and NOESY spectra (Figures S5–S8), the structure of the compound was a catechin epimer.
The presence of signals of asymmetric carbons around δ 79 (C-2) and 67 (C-3) shows the
compound is an epicatechin rather than a catechin [signals around δ 82 (C-2) and 68 (C-3)].
The chemical shift values of protons H-2 and H-3 around δ 4.85 and 4.18 confirms the
compound is a (+)-Epi-catechin [36], which has been previously isolated from Euphorbia
thymifolia linn. and characterised [37], as shown in Table 5.

Table 5. 1H (400 MHz) and 13C (100 MHz) NMR data of the isolated compound compared with
reported literature.

Position
Compound 1 Reported Literature [36]

δ 1H (J in Hz) δ 13C δ 1H (J in Hz) δ 13C

2 4.84 (s) 78.5 4.85 (s) 79.6
3 4.19 (s) 66.1 4.18 (br s) 67.1
4axi 2.88 (dd, J = 4.3; 16.8 Hz) 27.9 2.83 (br d, 17.0 Hz) 29.2
4eq 2.75 (dd, J = 4.3; 16.8 Hz) 27.9 2.70 (br d, 17.0 Hz) 29.2
4a 98.7 100.0
5 156.6 157.8
6 5.96 (d) 95.0 5.99 (d, J = 1.8 Hz) 96.3
7 5.94 (d) 156.0 5.88 (d, J = 1.8 Hz) 157.8
8 94.5 95.5
8a 156.3 157.4
1′ 130.9 132.5
2′ 6.99 (s) 113.9 7.01 (d, 1.8 Hz) 115.5
3′ 144.6 145.6
4′ 144.4 145.5
5′ 6.78 (d, J = 8.1 Hz) 114.5 6.75 (d, J = 8.1 Hz) 115.7
6′ 6.80 (dd, J = 8.1; 2.2 Hz) 118.0 6.80 (dd, J = 8.0; 1.8 Hz) 119.6

Bioactivity assessment of the isolated epicatechin shows that it demonstrates a dose-
dependent inhibitory action (IC50 = 18.9 µM) on LPS-induced ROS production in RAW
264.7 macrophages, which is statistically comparable (p > 0.05) to that of ascorbic acid
(IC50 = 9.57 µM) (Table 6 and Figure 4), reiterating the antioxidant potency of epicatechin.
LPS-induced ROS production has been linked to proinflammatory signalling, which can
disrupt cellular processes and cause oxidative tissue injuries due to the excessive production
of superoxide ions and hydrogen peroxide [38]. Hence, it is plausible that the inhibitory
effect of epicatechin on LPS-induced ROS production in RAW 264.7 macrophages was
linked to both antioxidant and anti-inflammatory capacities. Moreover, the inhibitory effect
of epicatechin on LPS-induced production of proinflammatory mediators and cytokines in
RAW 264.7 macrophages has been reported [39].

Table 6. IC50 and EC50 values for the dose-dependent activities of the tested samples.

Assays Epicatechin Acarbose Ascorbic Acid

IC50 and EC50 Values (µM)

α-Glucosidase inhibitory activity
(IC50) 35.3 ± 5.75 a 11.0 ± 4.11 b NA

Inhibition of ROS production in RAW
264.7 cells (IC50) 18.9 ± 5.44 NA 9.57 ± 4.10

Chang cell glucose uptake modulatory
activity (EC50) 78.5 ± 13.6 NA NA

“NA” means “not applicable”. Data are presented as mean ± SD of triplicate analysis. For each assay, the
superscript letters attached to each dataset represent significant differences (p < 0.05) between groups when there
are no similar letters.
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Figure 4. Dose-dependent inhibitory effect of epicatechin (EPC) and ascorbic acid (ASC) on ROS
production in LPS-treated RAW 264.7 macrophages. Data are presented as mean ± SD of triplicate
analysis. The letters at the top of the bars represent significant differences (p < 0.05) between groups
at a given concentration when there are no similar letters. “LPS” means lipopolysaccharide.

Furthermore, the isolated epicatechin demonstrated a dose-dependent glycaemic
control potential. It has an inhibitory effect (IC50 = 35.3 µM) on α-glucosidase (Table 6 and
Figure 5), suggesting it could be a key flavonoid influencing the α-glucosidase inhibitory
activity of the potent sub-fraction(s)/fraction(s) and extract of litchi fruit peel. In Chang
cells, epicatechin exerts a dose-dependent modulatory effect (EC50 = 78.5 µM) on glucose
uptake (Table 6 and Figure 6).
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Figure 5. Dose-dependent inhibitory effect of epicatechin and acarbose on α-glucosidase activity. Data
are presented as mean ± SD of triplicate analysis. The letters at the top of the bars represent significant
differences (p < 0.05) between groups at a given concentration when there are no similar letters.
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Figure 6. (a) Glucose concentration in the medium of cells receiving different treatments and (b) %
glucose uptake of cells receiving different treatments. Data are presented as mean ± SD of triplicate
analysis. The letters at the top of the bars represent significant differences (p < 0.05) between the
treatments when there are no similar letters. “EPC” means epicatechin.

Relative to the untreated cells (control), an 80 µM epicatechin concentration enhances
(p < 0.05) glucose uptake to an extent that is statistically comparable (p > 0.05) to the
glucose uptake effect of a 2 µM Metformin, suggesting epicatechin may be effective in
promoting cellular glucose uptake in cells of peripheral tissues, and may have influenced
the glucose uptake activity of the potent sub-fractions 4 and 5 (Table 4). Documented
evidence suggests that epicatechin may enhance glucose uptake by modulating insulin
signalling via the PI3K/AKT signalling pathway and modulating the translocation of
glucose transporters [28,40]. Further studies are, however, needed to investigate this
speculation.

4. Conclusions

In the present study, a bioassay-guided approach was used to probe into litchi fruit
peel’s antioxidant and anti-hyperglycaemic phytochemistry. Ethyl acetate solvent effec-
tively extracted key flavonoids, which potentiated more potent antioxidant and enzyme
inhibitory activities relative to the other solvent extraction. The flavonoid contents of
fractions from the ethyl acetate extract also correlated with their α-glucosidase inhibitory
activities. Epicatechin was the most abundant flavonoid in the fraction (fraction 5), with
the highest inhibitory activity. Epicatechin was isolated from a sub-fraction (sub-fraction 4)
of fraction 5. The isolated epicatechin demonstrated a dose-dependent inhibitory effect on
α-glucosidase, modulatory effect on cellular glucose uptake, inhibitory effect on cellular
ROS production, and possibly influenced the potent α-glucosidase inhibitory, glucose
uptake modulatory and anti-lipid peroxidative activity demonstrated by sub-fraction 4.
The data of this study showed that litchi peel EtOAc extract may exert antioxidant and
glycaemic control by alleviating ROS-mediated oxidative insults, inhibiting carbohydrate
digesting enzymes and modulating cell glucose uptake, and epicatechin may be a principal
bioactive flavonoid influencing these antioxidant and glycaemic control properties. Thus,
litchi peel EtOAc extract can be an alternative source to recover epicatechin with cellular
glucose uptake modulatory and ROS production suppressive capacities.
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Abstract: The glycemic control potential and flavonoid profile of litchi have been documented
for its hydroalcoholic extracts, while there is scarce information regarding its ethyl acetate extract.
This study investigated the flavonoid profile, as well as the ameliorative potential and possible
underlying mechanisms of litchi peel ethyl acetate extract on type 2 diabetes-related pathologies in a
fructose/streptozotocin (STZ) model of diabetic rats. Sprague Dawley rats were induced with diabetes
by administering 10% fructose for 2 weeks and a single i.p. injection of low-dose (40 mg/kg bw) STZ.
Thereafter, the animals were orally administered with a low-dose (150 mg/kg bw) and high-dose
(300 mg/kg bw) of the peel extract (LDPE and HDPE, respectively) and metformin (200 mg/kg bw).
Compared to untreated diabetic rats (AUC = 1004 mg.h/dL), the HDPE significantly (p < 0.05)
improved glucose tolerance (AUC = 847 mg.h/dL), which was statistically comparable (p > 0.05) to
the effect of metformin (AUC = 903 mg.h/dL). Serum insulin and pancreatic histology data showed
that the STZ-induced pancreatic damage and insulin depletion was improved by the HDPE, which
could be linked to the observed ameliorative effect of the extract on pancreatic lipid peroxidation and
SOD and catalase activity. The extract further improved liver and muscle glycogen storage, as well
as muscle hexokinase activity and Akt phosphorylation, suggesting that the extract exerts glycemic
control by enhancing glycogen storage and modulating insulin-mediated signaling of glucose uptake
and utilization. LC-MS data and documented reports suggest that flavonoids, such as epicatechin,
cinnamtannin B2, procyanidin B5, and proanthocyanidin A2, are the possible influencing compounds.
The ethyl acetate extract of litchi peel could be a source of bioactive flavonoids that can potentiate
glycemic control in diabetes and mitigate oxidative stress-related pathologies.

Keywords: antioxidant; ethyl acetate extract; flavonoids; fructose/streptozotocin diabetic rats;
glycemic control; litchi fruit peel

1. Introduction

According to the International Diabetes Federation [1], the global prevalence of adults
suffering from diabetes will increase from 537 million in 2021 to 783 million in 2045 [1], sug-
gesting that the negative impact of diabetes on global health and socioeconomic landscapes
could worsen if precautionary measures are not implemented. Diabetes is characterized
by detrimental metabolic imbalances caused by hormonal insufficiency or dysfunction,
which results in persistent hyperglycemia [2]. Type 2 diabetes (T2D) is the most preva-
lent type of diabetes, possibly due to its association with lifestyle-related factors, such as
physical inactivity, dieting, and detrimental weight gain [3]. These factors lead to insulin
resistance, which is a key pathophysiological defect of T2D [3,4]. During insulin resistance,
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the homeostatic regulatory action of insulin on circulating glucose is impaired due to dys-
functional signaling in the cells of peripheral tissues [4]. Cellular glucose uptake, nutrient
metabolism, and utilization are impaired, which leads to reduced glycemic control and
eventually persistent hyperglycemia, especially if the function of the pancreatic β-cells has
been concomitantly compromised [4].

Persistent hyperglycemia has been linked to the development of microvascular and
macrovascular complications of diabetes and oxidative stress has been documented as
a key underlying mediator [5]. Oxidative stress is caused by an imbalance between the
physiological production of deleterious prooxidants or reactive oxygen species (ROS) and
the antioxidant mechanisms to mop or quench the oxidant action of the prooxidants [6].
During diabetes, hyperglycemia facilitates the production of ROS, which can oxidatively
damage cellular macromolecules and organelles, while signaling associated inflammatory
responses [5]. High blood glucose can cause glycation to key functional macromolecules,
leading to the production of advanced end products (AGEs), which are biological indicators
of degenerative diseases, including diabetic complications [5]. Elevated lipid peroxida-
tion in diabetes has also been documented, which can compromise cellular integrity due
to damage to the lipid bilayer of cell membranes [5]. Also, deleterious radical byprod-
ucts of lipid peroxidation can increase oxidative stress and cause oxidative damage to
macromolecules [5].

While there are many available commercial antidiabetic drugs, medicinal plants,
including fruits and vegetables are increasingly been used as complementary and/or alter-
native therapies. Dietary antioxidant phenolic compounds present in fruits and vegetables
offer a broad spectrum of pharmacological activities that could mitigate the development
of diabetic complications by suppressing oxidative stress and inflammatory responses [7].
Litchi chinensis Sonn. (Sapindaceae) is a tropical and subtropical fruit with high commercial
value due to its global consumption [8]. The nutritional value and medicinal benefits of
the fruit have also been documented [8]. While studies have mentioned the antioxidant,
anti-hyperglycemic, anti-hypertensive, anti-obesogenic, anti-dyslipidaemic, and hepatopro-
tective potentials of the fruit [8], documented evidence has shown that the non-edible peel
could also be of medicinal relevance [9,10]. Flavonoids, including catechins, procyanidins,
proanthocyanidins, quercetin, rutin, and their derivatives have been reported in the peel,
which have been linked to some of the reported diabetes-related and antioxidant pharma-
cological properties of the peel [9–11]. It has been shown that the fruit peel has a strong
α-glucosidase inhibitory potential [12], indicating it could potentiate glycemic control by
reducing postprandial blood glucose increase [13]. In high-fat-diet-fed rodents, the peel
powder and its procyanidin-rich fraction were shown to improve the profiles of blood
lipids and glucose, thus ameliorating diabetes-related metabolic alterations [14,15]. In db/db
mice, litchi peel ethanol extract treatment has been shown to ameliorate type 2 diabetic
pathologies, including elevated blood glucose, hepatic gluconeogenesis, oxidative stress,
and associated inflammatory responses [16].

A review of the pharmacology potential of litchi fruit seed and peel [9] suggests that
diabetes-related pharmacological investigations have mostly been demonstrated in the
hydro-alcoholic extracts or isolates with minimal investigations on other solvent extracts,
such as the ethyl acetate extract. Ethyl acetate solvent extraction can cause hydrogen
bond formation with carboxyl and hydroxyl groups, resulting in the extraction of medium
polar to polar phenolics and/or flavonoids [17], which could influence potent medicinal
properties. In fact, documented qualitative evidence has shown that the ethyl acetate extract
of litchi peel contains a relatively similar proportion of phenolic compounds and flavonoids
as the hydroalcoholic extract [18]. A previous study has proven that litchi fruit ethyl
acetate extract demonstrates potent immunomodulatory potential [19]. In a more recent
antidiabetic study, a comparative assessment in alloxan-induced type 1 diabetic Wistar
rats suggests that the blood glucose lowering, and antioxidant effect of litchi peel ethyl
acetate extract outperformed that of the hydroalcoholic extract [18], suggesting that litchi
peel ethyl extract may possess ameliorative potential against T2D-associated pathologies.
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However, this speculation, as well as the possible mechanisms, remain elusive and warrants
investigation. Therefore, this study investigated the ameliorative potential and possible
underlying mechanisms of litchi peel ethyl acetate extract on T2D-related pathologies in a
fructose/low-dose streptozotocin (STZ) model of diabetic rats.

2. Materials and Methods
2.1. Plant Material and Extraction

Litchi fruit (McLean’s Red cultivar) was purchased from a local fruit and vegetable
store in Bloemfontein, South Africa. Clean water was used to wash the fruits, and the peel
of the fruits was collected. An oven set at 30 ◦C was used to dry the peel of the fruits (Model
No. 072160, Prolab instrument, Sep Sci., Johannesburg, South Africa). The dried peel was
ground. About 300 g of the ground peel was defatted with 1.5 L of hexane. In order to
increase polarity, sequentially extraction was conducted on the defatted peel using 1.5 L of
dichloromethane (DCM) and ethyl acetate (EtAc) solvents. The extraction was conducted
for 48 h at room temperature on an orbital shaker [OrbiShake, Model 262, Labotec 106 (Pty)
Ltd., Johannesburg, South Africa] set at 125 rpm. The concentrated ethyl acetate extract was
recovered using a Buchi 108 Rotavapor® R-300 [Labotec (Pty) Ltd., Johannesburg, South
Africa] and dried under a fume hood. The yield of the extract was determined, before
storing it in clean screw-cap vials at −20 ◦C.

2.2. LC-MS Analysis of the Ethyl Acetate Extract of Litchi Peel

To perform the LC-MS protocol, the following were used: A Waters Synapt G2 (Waters
Corporation, Milford, MA, USA), an ESI probe, and an ESI Pos, at a 15 V cone voltage.
The operation of liquid chromatography was conducted using an Acquity binary solvent
manager. The chromatographic column used was a HSS T3 (Waters Corporation, Milford,
MA, USA). It had a dimension of 2.1 × 150 mm and a particle size of 1.8 µm. Two solvent
systems (A and B) were used as the mobile phase. Solvent system A was water containing
0.1% methanoic acid, while solvent system B was acetonitrile containing 0.1% methanoic
acid. A 0.25 mL/min flow rate was applied for the gradient chromatographic separation at
30 ◦C. The gradient condition followed the following sequence: 100% (A):0% (B), 10 min;
72% (A):28% (B), 21 min; 60% (A):40% (B), 50 s; 0% (A):100% (B), 2 min. The extract was
dissolved in a mixture of acetonitrile and water (1:1 v/v), passed through a 0.22 µm filter,
and injected at a volume of 20 µL. The signals of the separated compounds were recorded
at 254 nm. Using the accurate masses, the compounds in the fraction were tentatively
determined and semi-quantified (mg/L) relative to the epicatechin standard and according
to the extracted ions.

2.3. Animals

The approval for the use of animals in this study was obtained from the University of
Free State Animal Research Ethics Committee (EREC) on 07 February 2023 (Protocol reference
number: UFS-AED2022/0028/23). Thirty-five 7 to 8-week-old Sprague-Dawley (SD) rats
were procured by the University of the Free State Animal Research Unit, where the animal
experiment was conducted. The animals were allowed to acclimatize for 5 days. Thereafter,
the animals were assigned into five groups containing seven animals each. The groups were
named the normal control (NC), diabetic control (DBC), low-dose peel extract (LDPE), high-
dose peel extract (HDPE), and metformin (MET) groups. The animals were housed two to
three animals per cage in large-sized cages with the following dimensions: 598 mm (L) ×
380 mm (W) × 200 mm (H) with Grid top hatch access of 220 mm (L) × 225 mm (W) ×
70 mm (H). The animals were housed in a temperature (20–24 ◦C; set point at 22 ◦C) and
humidity (40–70%; set point 60%) controlled room with a 12 h light-dark cycle.

2.4. Diabetes Induction

A previous study [20] has shown that the combination of 10% fructose and low dose
(40 mg/kg bw) STZ could be used to develop a diabetic SD rat model that exhibits two

© Central University of Technology, Free State



Nutrients 2024, 16, 3644 4 of 16

key pathologies of T2D, namely insulin resistance and β-cell damage. This approach was
adopted to induce diabetes. First, the rats in the diabetic groups (DBC, LDPE, HDPE, and
MET groups) were fed ad libitum with 10% fructose solution in place of drinking water for
2 weeks. After that, the rats were injected with a single intraperitoneal (i.p.) injection of
STZ (40 mg/kg bw) dissolved in citrate buffer (pH, 4.4), whereas the rats in the NC group
were injected with an equivalent volume of citrate buffer. One week after the STZ injection,
the tail-tip blood glucose (mmol/L) of rats was measured using a Contour Plus Blood
Glucose Monitoring System (Ascensia Diabetes Care Holdings AG, Basel, Switzerland). A
multiplication factor of 18.018 was used to convert the blood glucose measurements from
mmol/L to mg/dL. Animals with blood glucose values ranging from 250 to 600 mg/dL
were considered diabetic and included in the study. Of the 28 rats induced with diabetes,
four rats were extremely diabetic (blood glucose > 600 mg/dL) and thus were excluded
from the study. Therefore, each of the diabetic groups was left with six animals each.
The number of animals in the NC group was also reduced to six to be consistent with
other groups.

2.5. Treatment

After diabetes confirmation, the rats in the different groups were administered via
oral gavage with the following treatments:

• NC group: The vehicle of the extract or metformin (5% DMSO solution);
• DBC group: The vehicle of the extract or metformin (5% DMSO solution);
• LDPE: 150 mg/kg bw of extract dissolved in 5% DMSO solution;
• HDPE: 300 mg/kg bw of extract dissolved in 5% DMSO solution;
• MET: 200 mg/kg bw of Metformin hydrochloride (Merck, Johannesburg South Africa)

dissolved in dissolved in 5% DMSO solution.

The animals were treated for 20 days during a 4-week intervention period. This
implies that the animals were treated during the first five days of each week of the inter-
vention period.

2.6. Measurement of Fluid Intake, Food Intake, and Non-Fasting Blood Glucose

During the intervention period, the average daily fluid intake and average weekly
food intake of the animals were measured. The tail-tip non-fasting blood glucose (NFBG)
level of the animals was measured on the 6th day of the 1st, 2nd, and 4th weeks of the
intervention period. The NFBG was measured using a glucometer.

2.7. Measurement of Oral Glucose Tolerance

The oral glucose tolerance test (OGTT) was performed on the 6th day in the 3rd week
of the intervention period. The rats were fasted for 7 h (from 3:00 a.m. to 10:00 a.m.).
Thereafter, the tail-tip blood glucose of the animals was measured (0 min) before orally
administering 2 g/kg bw of glucose. The tail-tip blood glucose of the animals was then
measured for 120 min at 30 min intervals. Thereafter, the animals were allowed access to
food. The area under the curve (AUC) for the OGTT was calculated according to a previous
report [21]:

AUC (mg·h/dL) =
BG0 + (BG30 × 2) + (BG60 × 3) + (BG120 × 2)

4

where BG0, BG30, BG60, and BG120 are the mean blood glucose (mg/dL) at 0, 30, 60 and
120 min, respectively.

2.8. Euthanization and Sampling

After the intervention period, the animals were euthanized using isoflurane. The
blood of the animals was collected by cardiac puncture and stored in tubes without an anti-
coagulant. Also, the liver, pancreas and muscle tissues of the animals were collected. The
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collected tissue samples were immediately frozen in liquid and stored at −80 ◦C. A portion
of the pancreatic tissues was fixed in 10% neutral buffered formalin (Merck, Johannesburg,
South Africa) for histological assessment. The blood was centrifuged at 3500× g for 10 min
at 4 ◦C using a NUVE NF 800R centrifuge (Separations, Johannesburg, South Africa) and
the supernatant (serum) was stored at −80 ◦C.

2.9. Measurement of Liver and Muscle Glycogen Content

The phenol–sulfuric acid method [22] was used according to a modified version [23].
About 0.5 g of tissue was disintegrated in a vial by adding 1.5 mL of 30% KOH solution
and boiling for 40 min to form a homogenous solution. After cooling, 2 mL of 95% ethanol
was used to precipitate the sugars in the homogenized tissues. This was performed at
2–8 ◦C for 30 min. The supernatant was recovered and removed by centrifuging at 1200× g
for 30 min at ambient temperature. The residue or sediment was washed twice with 95%
ethanol and dissolved in 3 mL of distilled water. From the dissolved residue or glycogen
standards (0.005–0.1 mg/200 µL), 200 µL was transferred into glass vials. Then, 1 mL of
phenol (5% solution) and 5 mL of H2SO4 (98% solution) were added, successively. The vials
were gently agitated to mix them. The absorbance of aliquots (250 µL) from each vial was
measured at 490 nm (SpectraMax iD3 multi-mode microplate reader; Molecular Devices,
San Jose, CA, USA). From the glycogen standard curve (y = 0.021x − 0.0165; R2 = 0.9984),
the glycogen content (mg/g tissue) of the tissues was calculated as follows:

Tissue glycogen content (mg/g tissue) =
C × D

M

where “C” is the extrapolated concentration (mg/200 µL); “D” is the dilution factor = 31,
which is the dilution of 200 µL of the dissolved residue in 6.2 mL of assay volume; and
“M” = 0.5 g, which is the mass (g) of tissue used in the assay.

2.10. Measurement of Serum Insulin

Serum insulin was measured using an enzyme-linked immunosorbent assay (ELISA)
method. A Rat/Mouse Insulin ELISA Kit (Merck, Johannesburg, South Africa; product
number: EZRMI) was used to perform the assay and the serum insulin concentration was
expressed in ng/mL.

2.11. Tissue Homogenization and Protein Estimation

The tissues were thawed and homogenized using a method reported previously [23].
About 100 mg of the different tissues (liver, pancreas, and muscle) was homogenized in
1 mL of ice-cold buffer (sodium phosphate buffer containing 0.5% v/v Triton X-100 and
1 mM EDTA, pH 7.5) using a D1000 handheld homogenizer (Merck, Johannesburg, South
Africa). The supernatant of the tissue homogenates was recovered at 10,400× g for 10 min
at 4 ◦C. The protein concentration in the supernatant was measured. The protein concen-
tration (mg/mL) was extrapolated from a bovine serum albumin (BSA) standard curve
(y = 0.7059x + 0.1982; R2 = 0.9992) using the bicinchoninic acid (BCA) method.

2.12. Measurement of Muscle Tissue Hexokinase Activity

The activity of hexokinase in the muscle tissue homogenate was measured at a protein
concentration of 5 mg/mL according to the protocols described in a Hexokinase Col-
orimetric Assay Kit (Merck, Johannesburg, South Africa; catalogue number, MAK091).
Hexokinase catalyzes the phosphorylation of glucose to glucose-6 phosphate. Glucose-6
phosphate is oxidized by glucose-6 phosphate dehydrogenase, during which the oxidized
form of nicotinamide adenine dinucleotide (NAD+) is reduced to NADH. This assay esti-
mates hexokinase activity by measuring the NADH-mediated colorimetric reduction of
a chromogenic probe over 20 min. NADH production was quantified from an NADH
standard curve (y = 0.111x − 0.0147; R2 = 0.998) of NADH amounts (2.5, 5, 7.5, 10, and
12.5 nmol/reaction mixture) versus the corresponding absorbances at 450 nm. One unit
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of hexokinase represents the enzyme activity that will generate 1.0 µmol of NADH from
NAD+ per minute at pH 8.0 under room temperature. The specific activity (nmol/min/mg
protein) was calculated to the protein concentration of the tissue homogenates as follows:

Speci f ic activity (nmol/min/mg protein) =
A × DF

RT × SV × PC

where “A” = amount (nmole) of NADH generated during reaction time; “DF” = dilution
factor of sample in reaction volume; “RT” = reaction time (min); “SV” = sample volume
(mL); and “PC” = sample protein concentration (mg/mL).

2.13. Measurement of Muscle Tissue Akt Phosphorylation

The pan-Akt and phosphor-Akt levels in the muscle tissue supernatant were esti-
mated by a colorimetric ELISA method using a Phospho-Akt (pSer473)/pan-Akt ELISA
Kit (Merck, Johannesburg, South Africa; catalogue number, RAB0012) and presented as
the spectrometric optical densities (OD). To estimate the levels of Akt phosphorylation, the
ratio between the ODs of phospho-Akt and pan-Akt was computed.

2.14. Measurement of Lipid Peroxidation

The protocol reported in a previous study [24] was slightly modified to perform this
assay. Lipid peroxidation was estimated in the serum and tissue homogenates (liver and
pancreas). In a vial, the tissue homogenate or malondialdehyde (MDA) standards (100 µL),
0.25% thiobarbituric acid solution (500 µL), 20% acetic acid solution (200 µL), and distilled
water (200 µL) were successively added and mixed. The MDA standards were 7.5, 15,
22.5, 30, 45, and 60 µM solutions. The vials were placed in a boiling water bath for 50 min
and the absorbance of aliquots (250 µL) from each vial was measured at 532 nm. Lipid
peroxidation, determined as the concentration of thiobarbituric acid reactive substances
(TBARS), was extrapolated from the MDA standard curve (y = 0.0083x + 0.0062; R2 = 0.999).

2.15. Measurement of Superoxide Dismutase Activity

Superoxide dismutase activity (SOD) was measured in the serum and tissue ho-
mogenates (liver and pancreas) using a SOD Assay Kit (product number, 19160; Merck,
Johannesburg, South Africa). SOD catalyzes the reduction of superoxide ions. Thus, the
activity of SOD in the samples was determined by measuring the inhibitory action on su-
peroxide ion-mediated colorimetric (450 nm) reduction of a water-soluble tetrazolium salt
[2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt] as follows:

Inhibition (%) =
ODC − ODS

ODC
× 100

where “ODC” is the optical density for colorimetric (450 nm) reduction by the control
(without enzyme), while “ODS” is the optical density for colorimetric (450 nm) reduction
by the samples.

The specific activity (nmol/min/mg protein) was calculated with respect to the protein
concentration of the tissue homogenates as follows:

Speci f ic activity (% inhibition/mg protein) =
I × DF

SV × PC

where “I” = percentage inhibition (%) by enzyme on superoxide ion-mediated colorimetric
reduction of a water-soluble tetrazolium salt; “DF” = dilution factor of sample in reaction
volume; “SV” = sample volume (mL); and “PC” = sample protein concentration (mg/mL).

2.16. Measurement of Catalase Activity

Catalase activity was measured in the serum and tissue homogenates (liver and
pancreas) using a Catalase (CAT) Activity Assay Kit (Catalogue number, E-BC-K031-S;
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Biocom Africa, Johannesburg, South Africa). Catalase catalyzes the decomposition of H2O2,
a reaction that can be chromogenically (405 nm) stopped by ammonium molybdate. The
activity of catalase in the samples was estimated by measuring the residual H2O2 after
1 min of enzyme-substrate reaction. The residual H2O2 was extrapolated from a H2O2
standard curve (y = 0.0307x − 0.0002; R2 = 0.9998) of H2O2 amounts (0, 0.5, 1, 2, 3, 4, and
5 µmol) versus the corresponding absorbances at 405 nm. The specific activity (U/mg
protein) was calculated with respect to the protein concentration of the tissue homogenates
as shown below. One unit of catalase will decompose 1.0 micromole of H2O2 per minute at
pH 7.0 under room temperature at a substrate concentration of 50 mM H2O2.

Speci f ic activity (U/mg protein) =
A × DF

RT × SV × PC

where “A” = amount (µmole) of H2O2 that was used up during reaction time; “DF” = dilution
factor of sample in reaction volume; “RT” = reaction time (min); “SV” = sample volume (mL);
and “PC” = sample protein concentration (mg/mL).

2.17. Histopathological Examination of Pancreatic Tissues

The fixed pancreatic tissues were dehydrated by successive changes in concentrations
(50%, 70%, 90%, and 100%, respectively) of ethanol. Ethanol was removed from the tissue
by repeated immersions in xylene before being embedding in paraffin according to the
standard protocol. The embedded tissues were cut into about 4 µm sections and mounted
on slides. Hematoxylin and eosin were used to stain tissue samples to highlight important
features of the tissue samples. The DPX mounting media was applied before placing a
cover slip. The slides were viewed with a Leica slide scanner.

2.18. Data and Statistics Presentation

The data of this study were presented as the average of the replicate data (n = six
animals) along with the standard deviation (±). For each parameter, statistical analysis
was conducted to compare the data mean of the different groups. This was performed
using the IBM SPSS Statistics software (version 29). The one-way ANOVA and Tukey post
hoc were used for computing the multiple comparisons of the data averages and statistical
significance was set at p < 0.05.

3. Results and Discussion

The antidiabetic and antioxidant potential of litchi peel has been documented [9,12,14–16].
However, study trends show that the hydroalcoholic extracts have mostly been studied, while
the ethyl acetate extract, which has been shown to have promising antidiabetic, phenolic,
and flavonoid profiles [18], remains under-explored. The present study demonstrates the
rich flavonoid profile of litchi peel ethyl acetate extract, as well as its ameliorative effects on
T2D-related pathologies in a fructose/STZ model of diabetic rats.

3.1. Phytochemical Profile of Litchi Peel Ethyl Acetate Extracts

The hydroalcoholic extracts of litchi peel have been extensively studied. Documented
evidence has shown that the hydroalcoholic extracts of litchi peel are rich in flavonoids
including catechins, proanthocyanidins, and procyanidins, which are believed to be key
bioactive flavonoids influencing the antioxidant, antidiabetic, anti-hypertensive, and anti-
inflammatory potentials of the hydroalcoholic peel extracts [11,12,16,25]. On the other
hand, a previous qualitative assessment [18] has suggested that the ethyl acetate extract
of litchi peel may also be as rich in flavonoids as the hydroalcoholic extracts. However,
specialized spectrometric profiling is still needed to confirm this. In our study, LC-MS
analysis showed the notable presence of flavonoids such as epicatechin, cinnamtannin B2,
procyanidin B5, and proanthocyanidin A2 in the ethyl acetate extract of litchi peel (Table 1,
Figure 1). The presence of these flavonoids suggests that the ethyl acetate extract may also
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potentiate antioxidant and antidiabetic effects, which have been investigated and reported
in this study.

Table 1. LC-MS data of litchi peel ethyl acetate extract.

Identified Compounds Ontology ART (min) AMz Total
Score

Peak
Height

Conc.
(mg/kg)

Aralidioside Iridoid O-glycosides 5.648 447.11478 6.9378 12,228 502
Cinnamtannin B2 Flavonoids 5.923 575.11932 7.0967 17,074 701

Procyanidin B5 Flavonoids 6.635 577.13574 8.5544 6652 273
Epicatechin Flavonoids 6.952 289.07196 8.1009 39,675 1630

Epicatechin-(4beta->8)-
epicatechin-(2beta-

>7,4beta->8)-catechin
Flavonoids 7.168 863.18451 7.0737 286,371 11,763

Aesculitannin G Flavonoids 7.917 574.11267 5.7575 90,599 3721
Proanthocyanidin A2 Flavonoids 8.306 575.12164 7.9145 110,862 4554

Quercetin 3-galactoside Flavonoid-3-O-glycosides 8.447 463.08835 6.7863 10,707 440

epi-12-Palmatoside G Naphthopyranone
glycosides 8.671 491.19287 5.8164 11,744 482

Astragalin 7-rhamnoside Flavonoid-7-O-glycosides 8.82 593.1521 7.0845 16,335 671

“ART”, average retention time”; “AMz”, average mass-to-charge ratio; “Conc.”, concentration.
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3.2. Glycemic Control and Antioxidant Potential of Litchi Peel Ethyl Acetate

Persistent hyperglycemia in a diabetic state causes excessive urinary excretion of
glucose, which is responsible for some of the classical symptoms of diabetes, including
weight loss, excessive food consumption (polyphagia), and excessive fluid consumption
(polydipsia) [26]. In the present study, diabetic rats significantly (p < 0.05) lost weight and
consumed more food and water compared to their nondiabetic counterparts (Table 2), which
is influenced by their higher (p < 0.05 blood glucose levels (Figure 2). Treatment with the
peel extracts (LDPE and HDPE) and metformin did not significantly improve the diabetic
weight loss or fluid intake. The HDPE, however, had an appreciable positive effect on
diabetic weight loss and fluid intake particularly in the fourth week of intervention. In fact,
although not normalized, the HDPE significantly (p < 0.05) reduced diabetic polyphagia
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(Table 2), suggesting a notable ameliorative effect of the litchi peel ethyl acetate extract,
which can be further investigated long-term.

Table 2. Food intake, water intake, and weekly body weight.

Groups
Body Weight (g) Food Intake

(g/rat/d)
Water Intake

(mL/rat/d)Week 0 Week 1 Week 2 Week 3 Week 3 Week 5

NC 281 ± 9.97 307 ± 15.3 b 323 ± 17.7 b 324 ± 18.8 b 320 ± 19.5 b 328 ± 20.4 b 23.0 ± 1.25 c 47.7 ± 8.52 b

DBC 294 ± 16.1 279 ± 24.2 a 271 ± 25.9 a 256 ± 23.9 a 252 ± 28.0 a 245 ± 20.8 a 46.3 ± 2.86 a 160 ± 30.8 a

LDPE 291 ± 23.6 279 ± 18.4 a 279 ± 26.3 a 268 ± 23.5 a 257 ± 25.3 a 254 ± 32.0 a 37.6 ± 8.13 b 159 ± 26.6 a

HDPE 306 ± 11.2 289 ± 18.6 a 282 ± 21.9 a 273 ± 28.3 a 265 ± 26.5 a 265 ± 28.6 a 35.2 ± 1.19 b 136 ± 3.61 a

MET 302 ± 17.3 285 ± 20.3 a 268 ± 23.6 a 261 ± 24.8 a 252 ± 25.8 a 259 ± 29.4 a 40.9 ± 5.66 ab 152 ± 5.87 a

“NC”, normal control; “DBC”, diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract;
“MET”, metformin. Week 0 is the STZ injection; Week 1 is the diabetes confirmation; Week 2 to Week 5 is the
intervention period. For each parameter, a statistical comparison was conducted among the groups. A significant
difference (p < 0.05) exists between any two groups when there are no similar letters.
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Figure 2. Weekly non-fasting blood glucose (NFBG). “NC”, normal control; “DBC”, diabetic control;
“LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract; “MET”, metformin. For each period,
a statistical comparison was conducted among the groups. A significant difference (p < 0.05) exists
between any two groups when there are no similar letters.

The weekly NFBG data showed that the peel extract dose-dependently reduced NFBG
over the treatment period (Figure 2). Notably, the HDPE caused a significant (p < 0.05)
reduction in the second and fourth week of the intervention period, which was statistically
comparable to that of metformin treatment, suggesting the blood glucose lowering potential
of the peel’s ethyl acetate extract. Furthermore, the extract also exhibited a dose-dependent
glucose tolerance effect (Figure 3a), with the effect of the HDPE being significant (p < 0.05)
relative to the untreated diabetic animals (Figure 3b).

While the blood glucose-lowering effect of litchi peel ethyl acetate extract has been
previously documented, the effect was demonstrated in alloxan-induced diabetic rats [18].
The alloxan-induced and STZ-induced diabetic models are characterized by oxidative stress-
mediated pancreatic β-cell damage and impaired insulin secretion [27], which suggests
that the previously documented blood glucose lowering effect of litchi peel ethyl acetate
extract [18] may be influenced by an improvement in pancreatic β-cell damage, among
other possible mechanisms. This is because supporting antioxidant data from the study
by Chauhan et al. [18] showed that the ethyl acetate extract improved the pancreatic
antioxidant status of the alloxan-induced diabetic rats.
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Figure 3. (a) Oral glucose tolerance data and (b) area under the curve. “NC”, normal control; “DBC”,
diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract; “MET”, metformin.
For each period or parameter, a statistical comparison was performed among the groups. A significant
difference (p < 0.05) exists between any two groups when there are no similar letters.

Histology data comparing the pancreas of the normal rats (NC) with that of the
untreated (DBC) and treated (LDPE, HDPE, and MET) diabetic rats further reiterate the
possible ameliorative effect of litchi peel ethyl acetate extract on chemical (STZ)-induced
pancreatic damage (Figure 4). The pancreatic histology of the normal rats (NC) showed
that the exocrine pancreatic acinar cells appear normal and active. The available endocrine
islets consisted of normal cells. The distribution pattern and size of the endocrine islets
of Langerhans are considered normal with no sign of cellular or exudate accumulation
(Figure 4).

The pancreatic histology of the untreated diabetic rats (DBC) showed features con-
sistent with multifocal and mild pancreatic endocrine islet cell degeneration, which was
caused by the low-dose (40 mg/kg bw) STZ treatment during induction [27]. Typically,
there were mild degenerative changes consisting of cytoplasmic vacuolization with mild
swelling, mild lesions, and possible atrophy within cells of the pancreatic islet (Figure 4).
Similarly, the pancreatic histology of the rats treated with peel extract and metformin
(MET) showed features consistent with multifocal and mild pancreatic endocrine islet cell
degeneration. However, the degeneration in the pancreatic islets of rats in the HDPE group
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was minimal compared to that of the animals in the other groups (Figure 4), suggesting
a somewhat ameliorated effect of the HDPE on STZ-induced pancreatic damage. This
ameliorative effect further reflects the ability of the HDPE to significantly (p < 0.05) improve
insulin secretion in diabetic rats as shown by the significantly (p < 0.05) higher serum
insulin level compared to the untreated diabetic rats (Table 3).
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Table 3. Serum insulin, tissue glycogen content, and muscle tissue hexokinase activity.

Groups Serum Insulin Level
(µIU/mL)

Glycogen Content (mg/g tissue) Muscle Hexokinase Activity
(nmol/min/mg protein)Liver Muscle

NC 2.43 ± 0.31 b 17.3 ± 3.56 c 1.35 ± 0.23 b 19.0 ± 5.33 b

DBC 1.16 ± 0.36 a 9.61 ± 1.19 a 0.88 ± 0.08 a 10.2 ± 1.68 a

LDPE 1.50 ± 0.16 a 12.4 ± 4.65 ab 0.95 ± 0.19 ab 11.8 ± 3.58 a

HDPE 2.17 ± 0.51 b 14.6 ± 2.40 abc 1.10 ± 0.20 ab 15.3 ± 2.00 ab

MET 1.12 ± 0.11 a 16.2 ± 4.68 c 1.30 ± 0.15 b 16.5 ± 5.07 ab

“NC”, normal control; “DBC”, diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract;
“MET”, metformin. For each parameter, a statistical comparison was conducted among the groups. A significant
difference (p < 0.05) exists between any two groups when there are no similar letters.

It is plausible that the ameliorative effect of the HDPE on STZ-induced pancreatic
damage may be linked to their pancreatic antioxidant capacities. The data of this study
showed that the HDPE treatment significantly (p < 0.05) reduced pancreatic lipid peroxi-
dation and concomitantly increased (p < 0.05) systemic and pancreatic catalase and SOD
activities (Table 4).

Table 4. Lipid peroxidation and antioxidant enzyme activity in the serum and tissue of rats.

Groups
TBARS Level (µM MDS Equivalent) SOD Activity (% Inhibition rate/mg Protein) Catalase Activity (µmol/min/mg Protein)

Serum Liver Pancreas Serum Liver Pancreas Serum Liver Pancreas

NC 140 ± 28.0 c 78.0 ± 16.9 c 123 ± 37.3 c 90.1 ± 6.90 b 79.4 ± 5.91 b 72.2 ± 8.19 c 45.8 ± 7.24 b 126 ± 13.8 47.3 ± 4.00 d

DBC 564 ± 143 a 234 ± 23.0 a 294 ± 70.7 a 66.3 ± 4.09 a 66.4 ± 6.28 a 44.4 ± 3.89 a 27.3 ± 5.77 a 112 ± 24.4 15.2 ± 4.67 a

LDPE 419 ± 42.4 ab 209 ± 62.4 ab 222 ± 53.6 ab 84.0 ± 8.71 b 69.1 ± 1.24 a 48.2 ± 3.38 a 33.3 ± 6.67 a 123 ± 15.7 26.0 ± 2.32 b

HDPE 305 ± 62.1 a 146 ± 22.2 bc 210 ± 20.2 b 85.8 ± 5.95 b 74.7 ± 4.25 ab 57.5 ± 2.00 b 35.4 ± 3.08 ab 131 ± 16.6 38.2 ± 3.85 c

MET 411 ± 117 b 217 ± 71.5 ab 257 ± 37.9 ab 70.5 ± 6.59 a 68.3 ± 7.80 a 47.4 ± 4.46 a 30.7 ± 9.03 a 116 ± 8.42 22.9 ± 8.35 ab

“NC”, normal control; “DBC”, diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose peel extract;
“MET”, metformin. For each parameter, a statistical comparison was performed among the groups. A significant
difference (p < 0.05) exists between any two groups when there are no similar letters.

Catalase and SOD are important antioxidant enzymes. SOD catalyzes the reduction
of deleterious superoxide ions to hydrogen peroxide, which is reduced to water by the
catalytic action of catalase [28]. Hence, the significantly higher pancreatic catalase and
SOD activity of rats in the HDPE group, relative to the untreated diabetic rats, suggests
that the HDPE-ameliorated STZ-induced ROS damage in the pancreatic tissue by mopping
deleterious ROS. The potent in vivo antioxidant activity of the HDPE may be linked to
the notable presence of bioactive flavonoids including catechins, proanthocyanidins, and
procyanidins (Table 1 and Figure 1). Moreover, the hydroxyl radical and superoxide
anion scavenging activity of proanthocyanidin B4, proanthocyanidin B2, and epicatechin
isolated from litchi peel has been reported [11], while the modulatory effect of catechins and
proanthocyanidins in vivo antioxidant status and antioxidant enzymes activity have been
documented [29]. Furthermore, the key bioactive flavonoids present in the peel extracts
may also influence its modulatory effect on insulin secretion. This is because a study
has shown that epicatechin, a major flavonoid in the peel extract (Table 1 and Figure 1),
modulates glucose-stimulated insulin secretion in INS-1 cells [30,31].

Other than the improvement in pancreatic antioxidant capacity, histology, and insulin
secretion, our study further suggests that there are other possible mechanisms by which
the litchi peel ethyl acetate extract improves glycemic control and ameliorates diabetic
pathologies, which could be linked to the improvement in insulin action and glucose
metabolism. In this study, we used fructose and low dose (40 mg/kg bw) STZ to induce
diabetes, resulting in a model characterized by pancreatic β-cell damage and insulin resis-
tance [20]. Moreover, the association between fructose consumption and insulin resistance
in peripheral tissues, including the liver and muscle, has been documented [32]. Supporting
data from our study showed that diabetes induction significantly (p < 0.05) reduced liver
and muscle glycogen content (Table 3). Hepatic and muscle glycogen storage is one of the
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insulin-mediated mechanisms for glycemic control and glucose homeostasis [33], suggest-
ing that diabetes induction causes impaired insulin action or signaling. However, the litchi
peel extract caused a dose-dependent increase in liver and muscle glycogen content in the
diabetic rats. Although the effect of the litchi peel extract was not significant (p > 0.05),
the effect of high-dose treatment (HDPE) was comparable to that of metformin treatment
(Table 3), suggesting that litchi peel ethyl acetate extract potentiates glycemic control by
promoting glycogen storage.

Furthermore, diabetes induction significantly (p < 0.05) reduced muscle hexokinase
activity (Table 3). Hexokinase is a glycolytic enzyme that initiates the cellular utilization of
glucose taken up into cells of peripheral tissues [34]. Glucose uptake and utilization are
key insulin-mediated mechanisms for glucose homeostasis and glycemic control [33,34],
suggesting that diabetes induction suppressed insulin-mediated glucose uptake and uti-
lization in the muscle. Additional molecular investigation showed that diabetes induction
significantly (p < 0.05) reduced muscle Akt phosphorylation (Figure 5), a key molecular step
in the signaling of cell glucose uptake by insulin [35], buttressing the suppressive impact of
diabetes induction on insulin-mediated glucose uptake and utilization in the muscle.
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Figure 5. Muscle tissue (a) panAkt and phosphoAkt levels and (b) phosphoAkt/panAkt ratio of rats.
“NC”, normal control; “DBC”, diabetic control; “LDPE”, low-dose peel extract; “HDPE”, high-dose
peel extract; “MET”, metformin. For each parameter, statistical comparison was conducted among
the groups. A significant difference (p < 0.05) exists between any two groups when there are no
similar letters.

However, treatment with the peel extract, especially the high dose (HDPE), notably
improved muscle hexokinase activity and Akt phosphorylation (Figure 5). Its modulatory
effect on Akt phosphorylation was significant (p < 0.05) and comparable to that of metformin
treatment, suggesting that the bioactive phytoconstituents in litchi peel ethyl acetate extract
exerts a glycemic control effect via modulating cellular insulin signaling, glucose uptake,
and utilization. Moreover, documented evidence has reported that epicatechin potentiates
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glycemic control by modulating the IRS-1/PI3K/Akt signal transduction pathways, thus
promoting glucose transporter type 4 (GLUT-4)-mediated cellular glucose uptake [29,31].

The comparative glycemic control potential of HDPE relative to metformin may
be influenced by the observed multi-mode potential of HDPE. This includes improving
pancreatic histology and antioxidant status, insulin secretion and signaling, tissue glycogen
production, and cellular glucose uptake and utilization. While metformin may be a known
standard drug, it may not be able to ameliorate some of the STZ-induced pathologies in
the diabetic animals of this study. Documented evidence has shown that metformin could
improve hepatic glycogen levels by suppressing glucagon action and gluconeogenesis [36].
It could also improve insulin signaling, as well as glucose uptake and utilization, thus
improving glycemic control [36]. These modes of action are consistent with the glycogen
content, Akt phosphorylation, and hexokinase activity data of the present study. However,
metformin is not able to affect the STZ-induced pathologies (pancreatic oxidative stress,
β-cell damage, and reduced insulin production) in diabetic rats because these are outside
its pharmacological mechanisms. This could be the possible reason why metformin could
not normalize the blood glucose levels, or glycemic control effect of the diabetic rat model
used in the present study.

4. Conclusions

In the present study, the antidiabetic and antioxidant potential of litchi peel ethyl
acetate extract was demonstrated in a fructose-STZ model of diabetic rats. The data of the
study suggests the extract potentiated glycemic control by improving pancreatic histology
and antioxidant status, improving insulin secretion, promoting glycogen storage, and
modulating cellular glucose uptake and utilization. LC-MS analysis further revealed that
flavonoids, including catechins and proanthocyanidins, were the major phytoconstituents
of the extract, which, according to documented reports, are the possible influencing bioac-
tive components of the extract. The ethyl acetate extract of litchi peel could be a source of
bioactive flavonoids that can potentiate glycemic control in diabetes and mitigate oxidative-
stress-related pathologies.
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